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a.a.         amino acid 
5-FOA       5-fluoro orotic acid 
Ala (A) alanine  
Asp (D) aspartic acid 
BCS 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthrolinedisulphonic acid 
bp base pair 
BPS bathophenanthroline sulfonate 
DAPI 4',6-diamidino-2-phenylindole  
DTT dithiothreitol 
EDTA ethylenediamine tetraacetic acid 
FAS ferrous ammonium sulphate 
FC chelator ferrichrome 
fmol femtomolar 
g gram 
GFP green fluorescence protein 






Lys (K) lysine  






ng nanogram  
OD optical density 
ORF open reading frame 
PAGE polyacrylamide gel eletrophoresis 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
s second 
Ura3- uracil auxotrophy 






























Iron is an essential element for most living organisms. Microbial pathogens 
such as Candida albicans need efficient mechanisms of iron uptake for survival and 
infection in the iron-limiting mammalian body fluid. In Saccharomyces cerevisiae the 
transcription factor Aft1p plays a central role in regulating many genes involved in 
iron acquisition and utilization. An aft1Δ mutant exhibits severely retarded growth 
under iron starvation. Studies in C. albicans suggest similar iron transport systems 
existing in this pathogen. However, the mechanisms of transcriptional regulation of 
these systems are largely unknown. The aim of the present study is to identify the 
functional counterpart of AFT1 in C. albicans, which may play important roles in 
iron uptake and metabolism.  
In the main body of this thesis, Chapter 3 describes the isolation of CaMNN5 
through a genetic screening for C. albicans genes that allow the aft1Δ mutant to 
grow under iron-limiting conditions. Functional characterization of CaMNN5 showed 
that it encodes a α-1,2-mannosyltransferase, but its growth-promoting function under 
iron-limiting conditions does not require this enzymatic activity. Its function is also 
independent of the high-affinity iron transport system of S. cerevisiae mediated by 
Ftr1p and Fth1p. Evidence was obtained suggesting that CaMNN5 may function 
along the endocytic pathway, because it cannot promote the growth of mutants 
blocked at either the endocytic pathway or the vacuole-cytosol iron transport. 
Expression of CaMNN5 in S. cerevisiae enhances an endocytosis-dependent 
mechanism of iron uptake without increasing the uptake of Lucifer yellow, a 
commonly used marker of liquid-phase endocytosis. CaMnn5p contains three 
putative Lys-Glu-Xaa-Xaa-Glu iron-binding sites and co-immunoprecipitates with 
55Fe, suggesting that CaMnn5p specifically interacts with iron and enhances the iron 
uptake and usage of S. cerevisiae in a novel way. 
 xi
Chapter 4 presents the characterization of CaMNN5 in C. albicans. 
Complementation test showed that CaMNN5 restored Alcian blue binding to the cell 
surface of S. cerevisiae mnn5Δ but not mnn2Δ cells, suggesting that CaMNN5 may 
be the functional counterpart of MNN5. Camnn5Δ mutant showed lowered ability in 
extending both N- and O-linked mannans, hypersensitivity to cell wall-damaging 
agents and reduction of cell wall mannophosphate content, the phenotypes typical of 
many fungal mannosyltransferase mutants. Camnn5Δ also exhibits some other defects, 
such as impaired hyphal growth on solid media and attenuated virulence in mice. An 
unanticipated phenotype is Camnn5Δ’s resistance to the killing by the iron-chelating 
protein lactoferrin, rendering CaMnn5p as the first protein found that mediates 
lactoferrin-assisted killing of C. albcians.  
Chapter 5 discusses the possible mechanisms by which the expression of 
CaMNN5 enhances the growth of S. cerevisiae cells under iron-limiting conditions. 
Also, the mechanisms underlying the phenotypes of Camnn5Δ are discussed. Unlike 
in S. cerevisiae, overexpression of CaMNN5 in C. albicans did not enhance the 
growth of Caftr1Δ under iron-limiting conditions. Deletion of CaMNN5 did not lead 
to compromised growth of the mutant either in iron-replete or iron-depleted media. 
However, Camnn5Δ mutant showed an up-regulation of the expression of CaFTR1, 
suggesting that deletion of CaMNN5 may have some effect on intracellular iron 
homeostasis and generate an iron-shortage signal. Moreover, the mannosyltransferase 
activity of CaMnn5p requires Mn2+ as co-factor and is sensitively regulated by Fe2+ 
concentration. Based on the observation that some of the phenotypes of Camnn5Δ, 
such as the lowered lactoferrin sensitivity and Alcian blue binding activity, are 
related to cellular iron status, I hypothesize that CaMnn5p may regulate certain cell 
functions by altering protein glycosylation in response to cellular or environmental 
iron status.  
  
 xii
 Chapter 1 INTRODUCTION 
 
Candida albicans is an opportunistic human fungal pathogen that normally 
colonizes human gastrointestinal and vaginal tracts (Odds, 1998). It can be a normal 
flora inhabitant in healthy human host (Richardson, 1991). However, it may turn 
pathogenic in immunocompromised patients and cause superficial infections as well 
as life-threatening systemic mycoses (Rabkin et al., 2000; Richards et al., 1999). 
Awareness of C. albicans as a major clinical problem has risen in recent years. This 
is largely due to the occurrence and rapid global spread of AIDS and the wide use 
of broad-spectrum antibiotics and immuno-suppressive therapies (Rabkin et al., 2000; 
Ruhnke, 2004). Moreover, the worldwide appearance of drug-resistant strains and 
the limited options of anti-C. albicans drugs make this pathogen a serious threat to 
human health (Boken et al., 1993; Odds, 1993; Sanglard et al., 1995). 
In addition to its medical significance, C. albicans has also rapidly become 
an important biological model in the study of some fundamental biological issues. 
This organism has a very dynamic genome that can duplicate or lose a large fraction 
of chromosomes in adaptation to different growth conditions (Perepnikhatka et al., 
1999). And it has a stringently diploid genome without known natural sexual cycle, 
although the diploid cells may undergo mating under certain special conditions (Hull 
et al., 2000; Magee and Magee, 2000). More interestingly, C. albicans is able to 
grow in and switch between several different morphological forms in response to 
environmental signals (Odds, 1988). This morphological switch has been shown to 
be essential for the virulence of C. albicans (Mitchell et al., 1998). Elucidation of 
the mechanisms determining these properties will undoubtedly contribute to the 
understanding of many fundamental biological processes such as cell morphogenesis, 
cell cycle control, genome evolution, adaptation as well as fungal pathogenesis and 
virulence.  
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1.1 The mating system and phenotype switching in C. albicans 
 
Until 1998, C. albicans was believed to be a complete diploid yeast 
incapable of mating. However, in 1999, the genomic loci corresponding to the 
mating-type loci MATa and MATα in Saccharomyces cerevisiae, a close 
phylogenetic neighbor of C. albicans, were identified in C. albicans strain CAI4 by 
Hull and Johnson (1999). The two loci, named mating type locus-like α (MTLα) and 
a (MTLa), are present in a heterozygous state and localize at a single MTL locus of 
homologous chromosome V. In the two studies where hemizygous a/- and α/- cells 
were generated either by the gene deletion strategy (Hull et al., 2000) or by sorbose 
treatment (Magee and Magee, 2000), which causes selective loss of one copy of 
chromosome V that carries the MTL loci (Janbon et al., 1998), tetraploid fusants 
(a/α) were formed by mixing the a/- and α/- cells. The evolutionary conservation of 
MTLs in C. albicans and the occurrence of mating between cells of opposite mating 
types suggest that under some specific conditions, C. albicans may undergo sexual 
reproduction. Recently, diploid strains homozygous at the MTL locus have been 
found. Lockhart and co-workers (2002) reported that while 97% of a large collection 
of unrelated clinical strains were heterozygous for the MTL locus (a/α), 3% were 
homozygous (a/a or α/α), suggesting that mating may occur in nature. Both in vitro 
and in vivo experiments showed that fusion between hemizygous a/- and α/- cells 
was a rare event.  
Miller and Johnson (2002) demonstrated that mating was dependent on 
white-opaque switching, an infrequent switching system in which cells switched 
spontaneously between two phases: a large, flat, grey colony, named “opaque phase”; 
and a hemispherical, white colony, named “white phase”. Only opaque phase 
hemizygous a/- and α/- cells can undergo mating. On the other hand, all of the 
white-opaque switchers identified in a large collection of clinical isolates were 
homozygous at the MTL locus and all natural homozygous strains underwent white-
opaque switch, while most of the heterozygous strains did not (Lockhart et al., 
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2002). These findings indicate that before they can mate, C. albicans cells have to 
undergo homozygosis at the MTL locus, and then switch to the opaque phenotype. 
This mechanism contrasted with that of S. cerevisiae, in which both a and α cells 
are instantly mating-competent. However, meiosis in C. albicans has not been found 
in any laboratory or natural conditions. 
 
1.2 Polymorphism and virulence of C. albicans 
 
1.2.1 Morphological transition is essential for virulence 
 
A striking feature of C. albicans is its ability to grow in a variety of 
morphological forms in response to different environmental stimuli. These forms 
include ellipsoidal yeast, pseudohyphae and true hyphae. The transition from the 
yeast to hyphal form can be induced by a variety of laboratory conditions including 
incubation in media containing serum (Barlow, 1974), N-acetyl-D-glucosamine 
(Simonetti et al., 1974) or hemin (Casanova et al., 1997) or in synthetic amino acid 
medium at 37 °C (Shepherd et al., 1980). The ability to switch between yeast, 
hyphal and pseudohyphal morphologies is often considered to be necessary for 
virulence (Mitchell, 1998; Odds, 1988). Both hyphae and pseudohyphae are invasive 
and this property may promote tissue penetration and organ colonization during the 
initial stages of infection, whereas the yeast form might be more suitable for 
dissemination in the bloodstream. It has been shown that C. albicans could escape 
from the macrophage entrapment by rapid yeast-hypha transition and disruption of 
the cell membrane. Various mutants defective in the morphological transition have 
been found to be either avirulent or less virulent than the wild type strains (Braun 
and Johnson, 1997; Csank et al., 1997; Csank et al., 1998; Cutler, 1991; Gale et al., 
1998; Kobayashi and Cutler, 1998; Leberer et al., 1997; Lo et al., 1997; Mitchell, 
1998; Zheng et al., 2004). Numerous studies have shown that a network of multiple 
signaling pathways is involved in sensing hyphae inducing signals and triggering the 
morphological transition of C. albicans. 
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 1.2.2 The mitogen-activated protein kinase pathway 
 
The first gene identified to have a role in hyphal growth of C. albicans was 
CPH1 (Liu et al., 1994), the homolog of STE12 of S. cerevisiae, which encodes a 
transcription factor downstream of the pheromone-responsive mitogen-activated 
protein kinase (MAPK) pathway (Malathi et al., 1994). Heterologous expression of 
CPH1 complemented both the mating defect and the pseudohyphal formation defect 
of ste12 mutant. cph1 null mutant was shown to be defective in hyphal growth in a 
medium-dependent manner (Liu et al., 1994). Two other genes, encoding two 
protein kinases Cst20p and Hst7p upstream of Cph1p in the MAPK pathway, were 
isolated subsequently by functional complementation of respective S. cerevisiae 
mutants (Kohler and Fink, 1996; Leberer et al., 1996). Similar to cph1Δ mutant, 
mutants lacking CST20 or HST7 were defective in filamentous growth in several 
solid hyphae-inducing media, which suggests that CST20, HST7 and CPH1 encode 
components of a typical MAPK cascade in C. albicans. However, alternative 
pathways must be involved because mutants in the MAPK pathway can still form 
normal hyphae in response to serum induction. This may be the reason why hst7 
and cst20 mutant strains were found to be as virulent as the wild type strains in a 
mouse model of systemic infection (Leberer et al., 1996). 
 
1.2.3 The cAMP-dependent protein kinase A pathway 
 
Besides the MAPK pathway, a cAMP-protein kinase A (cAMP-PKA) 
pathway is also involved in the pseudohyphal growth in S. cerevisiae (Pan et al., 
2000). C. albicans genes homologous to the elements of the cAMP regulatory 
circuit of S. cerevisiae have been identified and found to play a crucial role in 
hyphal formation. CDC35/CYR1 encodes the only adenylate cyclase in C. albicans, 
which is responsible for cytoplasmic cAMP synthesis. Deletion studies showed that 
CaCDC35 is not an essential gene, but Cacdc35Δ mutant is defective in hyphal 
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growth under all known hypha-inducing conditions, and these defects can be 
partially rescued by exogenous cAMP (Rocha et al., 2001). In C. albicans, TPK1 
and TPK2 encode two PKA catalytic subunits of the cAMP-dependent protein kinase, 
sensing the  cytoplasmic cAMP level (Bockmuhl et al., 2001; Sonneborn et al., 
2000). Tpk1p and Tpk2p may play a redundant role in hyphal induction since tpk1 
or tpk2 null mutant exhibits significantly reduced hyphal growth on solid inducing 
media but undergoes normal hyphal development in liquid inducing media. 
Downstream of the PKA, EFG1 was isolated in a screening of genes that can 
enhance the filamentous growth of budding yeast (Stoldt et al., 1997). Efg1p is a 
basic helix-loop-helix (bHLH) transcription factor playing an important role in 
hyphal morphogenesis. The efg1 null mutants grow normally in yeast form, but 
seem to have lost the ability to form hyphae under most liquid hypha-inducing 
conditions, including serum. Moreover, overexpression of EFG1 leads to 
pseudohyphal growth.  
 
1.2.4 Other pathways involved in hyphal growth 
 
efg1 cph1 double mutants are unable to form filaments under most laboratory 
conditions and exhibit no virulence in mice. Epistasis studies suggested that Cph1p 
and Efg1p function in separate pathways (Braun and Johnson, 2000b; Brown and 
Gow, 1999). However, efg1 cph1 double mutants could produce filaments when 
embedded in agar (Riggle et al., 1999), revealing that other CPH1- and EFG1-
independent pathways in hyphal development exist. Indeed, CZF1, encoding a 
putative transcription factor, was later found to be responsible for the hyphal 
formation when cells are embedded in agar matrix (Brown DH, Jr. et al., 1999). 
Other studies also indicated that environmental pH has an important role in 
morphological control (Buffo et al., 1984). Two genes, PHR1 and PHR2, have been 
isolated, which are expressed at alkaline and acidic pH, respectively (Fonzi, 1999). 
The phr1 null mutant exhibits morphological defects in both yeast and hyphal forms 
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when grown in alkaline conditions. In contrast to phr1 null mutant, phr2 null mutant 
exhibits defects in growth and morphogenesis at acid pH. Moreover, artificial 
expression of PHR2 at alkaline pH in phr1 null mutants and PHR1 at acid pH in 
phr2 null mutants can rescue the defects in the respective mutants, indicating that 
the functions of Phr1p and Phr2p are not pH specific. 
 
1.2.5 Hyphal specific genes and regulation 
Hyphal growth is associated with the expression of a set of growth form 
specific genes, whose transcripts are induced within 30 min after shifting the yeast 
cells into liquid hypha-inducing media. This set of genes is named hypha-specific 
genes. Identification of this group of genes may provide critical information to 
reveal the molecular mechanisms that regulate hyphal growth. The hypha-specific 
genes identified so far include ECE1, HWP1, HYR1, RBT1 and RBT4, which encode 
either cell wall or secreted proteins (Birse et al., 1993; Staab et al., 1998 and 1999; 
Braun et al., 2000a), and HGC1 that promotes hyphal elongation (Zheng et al., 
2004). Most of the hypha-specific genes mentioned above contain putative Efg1p 
and Cph1p binding sites in their promoter regions, which may recruit respective 
transcription factors in response to hyphal inducing signals.  
Besides positively regulated by MAPK and cAMP-PKA pathways, the 
hyphal specific genes are also negatively controlled by CaTup1p, a transcriptional 
repressor found by Braun and Johnson (1997). In S. cerevisiae, Tup1p is a general 
transcriptional regulator that represses the transcription of several sets of genes 
responsible for distinct cellular processes, including DNA damage-induced genes, 
oxygen-repressed genes, glucose-repressed genes, haploid-specific genes, and 
flocculation genes; and each set is regulated by a distinct DNA-binding protein 
which recruits Tup1p to the promoter region of the targeted genes (Smith and 
Johnson, 2000). In C. albicans, Catup1 null mutants exhibited constitutive 
filamentous growth under all conditions tested. Moreover, hypha-specific genes, 
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such as HWP1, RBT1, RBT4 and HGC1, are constitutively expressed in Catup1 null 
mutant, suggesting that CaTup1p may serve as a transcriptional repressor and 
interact with other DNA-binding proteins to suppress the expression of hypha-
specific genes (Sharkey et al., 1999; Braun et al., 2000a; Zheng et al., 2004). 
CaRFG1 was recently identified to negatively regulate filamentous growth by 
recruiting CaTup1p to the promoter region of the targeted genes (Khalaf and 
Zitomer, 2001; Kadosh and Johnson, 2001). CaRFG1 deletion results in the 
derepression of a subset of hypha-specific genes. Another DNA-binding protein, 
CaNrg1p, has also been identified as a negative regulator of hyphal growth (Braun 
et al., 2001: Murad et al., 2001). Resembling Catup1 null mutant, Canrg1 null 
mutant grows constitutively in filamentous form. Some hypha-specific genes are 
derepressed in Canrg1 null mutant. Microarray data indicated that CaNRG1, similar 
to CaRFG1, represses a subset of CaTUP1-repressed genes, which includes many 
hypha-specific genes (Murad et al., 2001a).  
 
1.3 Pathogenesis and host defense systems  
 
As shown above, the transition between yeast and filamentous growth is an 
important virulence trait in C. albicans. Besides this, emphasis has also been placed 
on studying other factors important for pathogenesis and the host-pathogen 
interaction, including C. albicans adherence to host cells (Calderone and Braun, 
1991), the production of lytic enzymes (Ibrahim et al., 1995), and iron acquisition 




The first step in the infection process is the adhesion of C. albicans cells to 
epithelial and endothelial cells of the host, which is indispensable for colonization, 
penetration and subsequent dissemination of the pathogen. Als1p and Als5p 
(agglutinin-like sequence) of C. albicans are members of a family of seven 
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glycosylated proteins with homology to the S. cerevisiae α-agglutinin protein that is 
required for cell–cell recognition during mating. These two proteins have been 
shown to provide an adhesin function (Gaur et al., 1997 and 1999; Fu, 1998). 
Moreover, Als1p was required for both normal filamentation and virulence in the 
mouse model of haematogenously disseminated candidiasis (Fu et al., 2002). 
Another adhesin identified is HWP1, a hypha-specific gene that acts downstream of 
EFG1 and TUP1 (Sharkey et al., 1999). Hwp1p was found to be a substrate for the 
mammalian buccal epithelial transglutaminases (TGase), thereby promoting stable 
anchorage. hwp1Δ strain was found to have reduced activity as a substrate for 
TGase, lower levels of stabilized adherence to human buccal epithelial cells, and 
less virulence in a mouse model of systemic infection (Staab et al., 1999). INT1 
encodes a cell surface protein sharing homology with vertebrate leukocyte integrins 
(Gale et al., 1996). Strains of C. albicans lacking INT1 were less virulent, adhered 
less readily to an epithelial cell line and also had deficiencies in filamentous growth 
on Spider agar (Gale et al., 1998). Therefore, INT1 also plays important roles in 




To facilitate colonization and invasion, C. albicans secretes at least 10 
aspartyl proteinases, encoded by a family of SAP genes, SAP1-SAP10 (Schaller et 
al., 2000). These enzymes are believed to be secreted at the sites of tissue damage 
and the aspartic proteinase inhibitor, pepstatin A, was found to reduce the tissue 
lesions caused by wild type C. albicans strains, indicating that proteinase activity 
contributes to tissue damage (Schaller et al., 1999). RT-PCR and deletion studies 
showed that these enzymes were regulated differently and play distinct roles during 
various stages of the infection process, and various SAP mutants are attenuated in 
adhesion to host cells and virulence (Schaller et al., 1998; Watts et al., 1998). 
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1.3.3 Protein glycosylation   
 
Since fungal cell wall provides functions at the interface between microbial 
pathogens and host cells, it often critically determines the outcome of host-pathogen 
interaction. The general structure of fungal cell wall is conserved, containing an 
inner layer of structural polysaccharides, glucans and chitin, and an outer layer 
enriched for mannoproteins (Klis et al., 2001). The highly glycosylated 
mannoproteins are critically involved in host cell adhesion, antigenicity and 
modulation of host immune responses (Calderone, 1993; Wang et al., 1998; 
Sundstrom, 2002). Previous studies showed that mannoproteins of the outer layer 
mediate direct interactions of C. albicans with host cells (Casanova et al., 1992; 
Sundstrom, 1999) and play important roles in pathogenesis (Buurman et al., 1998; 
Timpel et al., 2000).  
Studies in S. cerevisiae have provided much of our current understanding of 
protein glycosylation in fungi. Protein glycosylation starts in the endoplasmic 
reticulum where the first mannose is transferred to the OH group of a serine or 
threonine residue in O-linked glycosylation (Strahl-Bolsinger et al., 1999) or an 
oligosaccharide core structure is attached to the NH2 group of an asparagine residue 
in N-linked glycosylation (Knauer and Lehle, 1999). Then the glycoproteins move to 
the Golgi apparatus, where the elongation of O-linked mannans and synthesis of 
complex N-linked glycans take place (Lussier et al., 1999; Dean, 1999).  
Many of the glycosylation steps in S. cerevisiae have been extensively 
characterized at biochemical and genetic levels (Gemmilc and Trimble, 1999; Burda 
and Aebi, 1999), providing valuable knowledge for the understanding of protein 
glycosylation in C. albicans. However, to date, only a few C. albicans genes 
responsible for protein glycosylation have been studied in detail, including MNT1 
(Buurman et al., 1998), PMT1 (Timpel et al., 1998) and PMT6 (Timpel et al., 2000). 
These genes are members of MNT and PMT families specifically involved in the O-
glycosylation pathway. O-Glycosylation in C. albicans is initiated in the 
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endoplasmic reticulum by protein mannosyltransferases (Pmt-proteins), which 
transfer the first mannose to serine or threonine residues, and it is completed by 
mannosyltransferases (Mnt-proteins) in the Golgi. The PMT gene family of C. 
albicans consists of PMT1 and PMT6, as well as three additional PMT genes 
encoding Pmt2p, Pmt4p and Pmt5p isoforms, among them only PMT2 is essential 
(Prill et al., 2005). Attribution of individual PMT members to virulence was tested 
using various infection models, including localized candidiasis model such as 
reconstituted human epithelium (RHE) and engineered human oral mucosa (EHOM), 
and systemic model of hematogenously disseminated candidiasis (HDC). All pmt 
mutants showed attenuated virulence in the HDC model and at least one localized 
candidiasis model, suggesting that the importance of individual Pmt isoforms may 
differ in specific host environments (Rouabhia et al., 2005). Moreover, cell wall 
composition was markedly affected in pmt1 and pmt4 mutants, showing a significant 
decrease in wall mannoproteins (Prill et al., 2005). MNT1 is a member of MNT 
family involved in O-glycosylation of cell wall and secreted proteins and is 
important for adherence of C. albicans to host surfaces and for virulence (Buurman, 
1998). Another member identified in the MNT family is MNT2 that also functions in 
O-glycosylation and is required for adherence to human buccal epithelial cells and 
virulence (Munno et al., 2005). Mnt1p and Mnt2p encode partially redundant α-1, 
2-mannosyltransferases that catalyze the addition of the second and third mannose 
residues in the O-linked mannans. Deletion of both copies of MNT1 and MNT2 
resulted in decrease in the level of in vitro mannosyltransferase activity and 
truncation of O-mannan, and the double mutant was attenuated in virulence, 
emphasizing the significance of O-glycosylation in pathogenesis of C. albicans 
infections (Munno et al., 2005).  
Studies of N-linked glycosylation in S. cerevisiae led to the isolation of a 
number of S. cerevisiae mnn mutants, some of which show defects in glycosylation 
of secreted proteins and abnormal cell wall biosynthesis and assembly (Ballou et al., 
1980; Ballou, 1990). Of these mutants, the mnn9 strain suffers the most serious 
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glycosylation defect. In this mutant, one α-1, 6-mannose is attached to the core 
oligosaccharide in N-linked chains but further extension of the chains is blocked 
(Tsai et al., 1984). The MNN9 gene has been cloned and an MNN9 gene family in 
S. cerevisiae has been identified based on sequence homology (Yip et al., 1994). 
CaMNN9 was identified as the homolog of S. cerevisiae MNN9 and found to have a 
role in extending N-linked glycan outer chains and maintaining normal cell wall 
composition in C. albicans (Southard et al., 1999). Another gene important for N-
linked glycosylation is CaMNN4. Similar to its S. cerevisiae homolog MNN4, 
CaMNN4 is required for mannosylphosphate transfer to the acid-labile N-mannan 
side chains. The camnn4Δ mutant demonstrated drastically reduced cell wall content 
of mannosylphosphate, but its virulence and interaction with macrophages were not 
affected, indicating that neither mannosylphosphate or the β-1,2-oligomannosides 
linked to it are required for virulence or the interactions of C. albicans cells with 
macrophages (Hobson et al., 2004).  
CaVRG4 and CaSRB1 encode proteins required for supplying the Golgi with 
the mannose donor GDP-mannose and both are essential in C. albicans, indicating 
the importance of overall protein glycosylation to cell viability (Nishikawa et al., 
2002; Warit et al., 2000). The Golgi GDPase CaGDA1 has also been shown to be 
important in transporting GDP-mannose into Golgi. The gda1 null mutant is viable 
but has defects in cell wall biogenesis, hyphal formation, and O-mannosylation 
(Herrero et al., 2002). Some metal ions are known to regulate mannosyltransferase 
activity. Tkacz et al., (1974) showed that manganese ion is an essential cofactor of 
Golgi-bound mannosyltransferases. CaPmr1p was recently found to pump Ca2+/Mn2+ 
ions into the Golgi. Capmr1 null mutant showed defects in both O- and N-
glycosylation, growth dependence on supplemented calcium after entering stationary 
phase, and attenuated virulence (Bates et al., 2005). 
In summary, these studies showed that the protein glycosylation machinery 
of C. albicans is essential to host-cell adhesion, morphogenesis and virulence of this 
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pathogen and the genes involved may serve as potential targets for future novel 
classes of antifungal agents.   
 
1.3.4 Encountering the host defense systems 
 
Among the accumulating knowledge on the various aspects of C. albicans, little 
is known about how this pathogen survives in the harsh environment of the human 
host. First, it must have a way to evade the immune system of the host. Studies 
have shown that C. albicans can escape from the entrapment within host 
macrophages by switching to filamentous growth and disrupting the macrophage at 
the same time (Lo et al., 1997). Second, a microbial pathogen must also conquer the 
non-immune defense mechanisms of the host, one of which is the sequestering of 
essential elements such as iron from its body fluid so that it is unavailable to the 
invading microbial pathogens (Emery, 1980). Normal human serum possesses a 
fungistatic activity, which has spurred many studies to understand this phenomenon 
(Askwith and Kaplan, 1998). Roth et al. (1959) showed that the application of 10% 
to 20% serum was sufficient to inhibit the growth of C. albicans in growth media. 
And this inhibitory activity can be counteracted only by the addition of iron but not 
of other nutrient elements such as various carbon and nitrogen sources (Caroline et 
al., 1964, Schade and Caroline, 1944). 
 
1.4 Iron acquisition and microbial infections  
 
Iron is an essential element required by nearly all organisms. This metal has 
two readily available ionization states, ferrous (Fe2+) and ferric (Fe3+), which enables 
it to participate in a variety of oxidation-reduction reactions (Hill, 1982). This 
property makes it an important cofactor for many enzymes such as superoxide 
dismutase, peroxidase, RNA polymerase III, catalases, ferroxidases, and various 
amino acid hydrolases (Karlin, 1993; Wooldridge and Williams, 1993). Iron is also 
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essential for proteins involved in oxygen binding and transport such as haemoglobin, 
myoglobin, and cytochromes (Crichton and Charloteaux-Wauters, 1987). 
Although iron is the second most abundant metal on Earth (after aluminum), 
the bioavailability of iron is extremely poor due to its insolubility in aerobic 
environments (Guerinot and Yi, 1994). In human body fluid, because of the 
presence of high-affinity iron-binding proteins such as transferrin and lactoferrin, the 
concentration of free iron is extremely low (around 10-18 M), which is a level far 
below the nutritional requirements by micro-organisms (10-6 to 10-7 M) (Weinberg, 
1978). Thus, the survival of a pathogen in the host environment depends on its 
ability to scavenge iron from the host defense system.  
The essential role of iron in the growth and thus the pathogenesis of 
microbes was first enlightened by the finding that the growth of Shigella dysenteries 
and other microorganisms was inhibited by conalbumin, a egg white protein. This 
growth inhibition was relieved only by the addition of iron but not other cations 
(Schade and Caroline, 1944; Jackson and Morris, 1961). Then researchers working 
on bacteria and fungi confirmed this observation and an iron-binding component in 
human plasma was shown to possess bacteriostatic and fungistatic activity (Feeney 
and Nagy, 1952; Bullen et al., 1971; Szilagyi et al., 1966; Silva and Buckley, 1962). 
This component was called siderophilin and later termed transferrin (Schade and 
Caroline, 1946). 
The bacteriostatic and fungistatic property of serum is directly related to its 
unsaturated iron binding capacity (UIBC). The UIBC of serum is determined by the 
level of iron saturation of transferrin (Caroline et al., 1964). In normal adults, the 
average level of bound iron (BI) is about 100 μg per 100 ml of blood (μg %), while 
the average level of the UIBC is about 200 μg %. The total iron binding capacity 
(TIBC), defined by the sum of BI and UIBC, is approximately 350 μg % with a 
range of 250-400 μg % (Esterly et al., 1967). Thus the serum transferrin is normally 
only one-third saturated with iron and two-thirds are free to combine with any ionic 
iron that otherwise becomes available. This iron-binding competence of the 
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unsaturated transferrin enables one ml of serum to bind 2 μg of iron, thus 
sequestering any free iron and making it unavailable for the growth of microbial 
pathogens.  
Microbial pathogens can grow only when a threshold of iron saturation of 
serum transferrin is attained. The elimination of the inhibitory effect of serum by 
addition of ferrous or ferric iron is correlated to the degree of iron-saturation of 
transferrin. When the UIBC reached 80% and 100%, the inhibition of C. albicans 
growth by serum was partially and completely relieved, respectively (Esterly et al., 
1967). No further relief was observed when the iron addition was beyond the 
saturation level. Thus the umbilical cord blood and neonatal blood up to 10 weeks 
of age, whose serum is almost iron saturated, was found to exhibit reduced growth 
inhibitory capacity to microbial pathogens (Caroline et al., 1964).  
In many cases the increase of the virulence of microbial pathogens was 
found to be correlated to the elevated levels of bioavailable iron in the host (Martin 
et al., 1963). The virulence of Klebsiella pneumoniae and Listeria monocytogenes in 
mice was increased by the injection of iron along with the bacterial cells (Sword, 
1966; Weinberg, 1966). Similarly, when injected along with iron, the avirulent 
Pasteurella pestis mutant became virulent in mice (Jackson and Morris, 1961). The 
enhancement of virulence by exogenous iron addition was also observed with other 
bacterial pathogens like Clostridium welchii (Bullen et al., 1967), Pseudomonas 
aeruginosa (Bullen et al., 1974), Salmonella and Staphylococcus (Weinberg, 1966). 
On the contrary, the resistance to Salmonella infection was raised in mice fed an 
iron-deficient diet (Puschmann and Ganzoni, 1977). The iron-induced enhancement 
of pathogenicity was also observed for C. albicans (Abe et al., 1985). C. albicans 
infections was found to be augmented by iron overloading and alleviated by iron 
chelators (Bergeron et al., 1983, Mencacci et al., 1997). Armed with its arsenal of 
iron-binding proteins, serum acts as the major inhibitory factor in the early stages of 
systemic infection (King et al., 1975; Bezkorovainy, 1981). The major iron-binding 
protein in serum, transferrin, performs its anti-candidal function by sequestering free 
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iron from serum and making it not usable by C. albicans. This growth inhibition 
was relieved by adding anti-transferrin antibody or iron salts (Watanabe et al., 1997). 
Lactoferrin is another host iron-binding protein that provides resistance to bacterial 
and fungal infection (Arnold et al., 1977). Lactoferrin has been attributed to many 
diverse biological functions, most of which are immunomodulatory or antibacterial 
(Brock, 1995; Tomita et al., 2002; Vorland, 1999). It inhibits microbial growth by 
effectively sequestering free iron from the environment. The protein and its N-
terminal fragments are also known to have direct bactericidal activity (Hoek et al., 
1997).  
To overcome the host iron-withholding system, pathogens like C. albicans 
must develop efficient strategies to get enough iron to support their growth and thus 
successful infection.  
 
1.5 Iron uptake systems of S. cerevisiae and C. albicans 
 
In recent years, the iron uptake system of S. cerevisiae has been well studied. A 
series of iron transporters have been identified and the transcriptional activators that 
control the expression of these iron transporters have also been isolated. The 
knowledge of the iron uptake and regulation in S. cerevisiae is important for the 
understanding of iron homeostasis in both S. cerevisiae and C. albicans.  
 
1.5.1 Uptake of siderophore iron 
 
Due to the insoluble ferric oxide form, the concentration of free ferric iron in 
solution at neutral pH is extremely low (10-18 M), which is much below the affinity 
of any described transport system (Spiro and Saltman, 1974). Thus, iron must be 
solubilized before being transported across the cell membrane. Microorganisms have 
developed two strategies to overcome this problem: one is chelator secretion and the 
other is ferric reduction. Bacteria, fungi, and some plants synthesize and secrete 
siderophores, a diverse group of small organic molecules with a high affinity for 
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iron, and then the organisms take up the siderophore-iron complexes. S. cerevisiae 
does not synthesize siderophores, but it can utilize siderophores produced by other 
species (Lesuisse et al., 1987 and 1989). S. cerevisiae produces at least four distinct 
receptors/facilitators for siderophore uptake, each of them having specificity for a 
certain type of siderophores: Arn1p for a class of ferrichromes possessing 
anhydromevalonyl residues (Yun et al., 2000a, and b; Heymann et al., 2000b); 
Arn2p/Taf1p for triacylfusarinine (Yun et al., 2000a, b; Heymann et al., 1999); 
Arn3p/Sit1p for ferrioxamine B (FOB) (Yun et al., 2000a, and b; Lesuisse et al., 
1998); and Arn4p/Enb1p for enterobactin uptake (Yun et al., 2000a, b; Heymann 
et al., 2000a). Gene deletion studies showed that the absence of one certain receptor 
can compromise the uptake of the corresponding siderophore species. However, the 
four kinds of facilitators showed some redundant functions (Lesuisse et al., 2001; 
Yun et al., 2000b). Epitope-tagged Arn1p and Arn3p were found to localize to 
intracellular vesicles that co-sediment with the endosomal protein Pep12p, 
suggesting that intracellular trafficking of the siderophore and/or its transporter may 
be important for uptake (Yun et al., 2000a, b). 
 
1.5.2 Reductase-dependent iron uptake 
 
Another strategy to make iron bioavailable is reducing ferric iron (Fe3+) to 
ferrous iron (Fe2+), because the latter is much more soluble at physiological pH. 
Many organisms, including those that utilize siderophores, can reduce extracellular 
ferric iron. Yeast ferrireductase activity was first described by Crane and co-workers 
(1982) and the first S. cerevisiae ferrireductase gene FRE1 was isolated by Dancis 
and colleagues (Dancis, 1990). While strains lacking FRE1 was unable to grow on 
iron-depleted media and showed lowered ferrireductase activity, there was a 
substantial amount of ferrireductase activity remained (Dancis et al., 1990 and 1992). 
Later, another cell membrane ferrireductase gene FRE2 was also identified as a 
homolog of FRE1 (Georgatsou and Alexandraki, 1994). fre1 fre2 double deletion 
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strain was shown to have only 2-10% of wild type ferrireductase activity. Moreover, 
the expression of both FRE1 and FRE2 are induced when cells are grown in iron-
limiting media and repressed in iron-replete media (Dancis, 1992; Georgatsou and 
Alexandraki, 1994).  
The ferrous iron produced by Fre1p and Fre2p then serves as substrate for 
two different iron uptake systems with different affinities for iron. The low affinity 
iron uptake system works when the cells are exposed to an iron-rich environment. 
FET4 encodes the low-affinity iron transporter, which prefers Fe2+ over Fe3+ as 
substrate (Dix et al., 1994). Fet4p is not a specific iron transporter but can transport 
other divalent metals such as copper, cobalt, manganese, and zinc as well (Li et al., 
1998). The affinity of Fet4p to iron is relatively low (Km = 30 μM), which explains 
why Fet4p does not work well when the extracellular iron level is low. A fet4Δ 
mutant exhibited high-affinity iron transport but no low-affinity transport (Dix et al., 
1994). Another low-affinity divalent metal ion transport system is encoded by SMF1, 
2, and 3 (Pinner et al., 1997 and Chen et al., 1999). These proteins are orthologues 
of the Nramp (natural-resistance-associated macrophage protein) family that have 
been found to play key roles in iron transport in the mammals (Forbes et al., 2001). 
Under metal starvation, Smf1p accumulates at cell surface, while Smf2p localizes to 
intracellular vesicles. Smf3p constitutively resides at the vacuolar membrane, 
transporting vacuolar iron into cytosol (Portnoy et al., 2000).  
The high-affinity iron transport system, with an affinity (Km = 0.15 μM) 200-
fold higher than that of the low-affinity uptake system (De Silva et al., 1996), 
transports iron when environmental iron concentration is low. The high-affinity iron 
transport system is specific for iron since no other metal can compete with iron for 
uptake (Eide et al., 1992). FET3 was isolated by a genetic screen for mutants 
defective in high-affinity iron transport (Askwith et al., 1994). The expression of 
FET3 was highly regulated by iron, basically no mRNA being detected in iron-rich 
media. Sequence analysis revealed that Fet3p is a multicopper oxidase, homolog of 
ceruloplasmin, a ferroxidase important for iron homeostasis in mammals (Osaki et 
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al., 1966). The observation of Fet3p-mediated iron-dependent oxygen consumption 
(de Silva et al., 1995) confirmed that Fet3p functions as a ferroxidase. However, 
expression of Fet3p alone did not induce high-affinity iron transport, suggesting that 
other proteins are needed to confer the transmembrane iron transporter function or to 
mediate the proper assembly and localization of Fet3p (Askwith et al., 1996). This 
question was not answered until FTR1 was cloned as the gene encoding the high-
affinity iron permease of S. cerevisiae (Stearman et al., 1996). The Ftr1p has six or 
seven transmembrane domains and forms a complex with Fet3p on the cell surface 
(de Silva et al., 1995; Hassett et al., 1998). The correct maturation and trafficking of 
Fet3p and Ftr1p to the plasma membrane requires the interaction between the two 
proteins. Fet3p produced in an ftr1Δ strain is retained in a cytoplasmic compartment 
in a copper-free, inactive form. Likewise, Ftr1p produced in a fet3Δ strain fails to 
reach the plasma membrane. Current understanding of the high-affinity iron uptake 
is that ferrous iron generated by Fre1p and Fre2p was first converted to ferric iron 
by Fet3p at the cell surface and then transported cross the plasma membrane by 
Ftr1p.  
One interesting structural feature of Ftr1p is the presence of two putative 
iron binding motifs “REXLE” at residues 16-20 and 157-161, both within 
transmembrane domains. Substitution of either one or both glutamic acid (E) 
residues by alanine in either motif results in an Ftr1p that, although targeted to the 
plasma membrane along with Fet3p, is inactive in iron uptake (Stearman et al., 
1996).  
Copper loading is essential for the activity of Fet3p, which appears to occur 
in the trans- or post-Golgi compartment and is dependent on Ccc2p, a P-type copper 
ATPase (Yuan et al., 1995 and 1997). Some other gene products are also important 
for the copper-loading of Fet3p. They are Ctr1p, a cell surface copper transporter 
required for high-affinity copper transport into the cell (Dancis et al., 1994), and 
Atx1p, an intracellular copper carrier delivering the metal from Ctr1p to Ccc2p (Lin 
et al., 1995 and 1997). Deletion of either of these genes will result in a premature 
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Fet3p, which leads to the Fet3p/Ftr1p complex being trapped in the ER instead of 
being localized to cell surface (Dancis et al., 1994).  
Another oxidase/permease complex is localized to vacuolar membrane. It is 
encoded by FET5 and FTH1, which are homologs of FET3 and FTR1 respectively 
(Spizzo and Saltman, 1997; Urbanowski and Piper, 1999). The Fet5p/Fth1p complex 
transports iron from vacuole to cytosol, and loss of this protein complex leads to 
elevated FET3 transcription and compromises the ability of the cell to switch from 
fermentative metabolism to respiratory metabolism (Urbanowski and Piper, 1999).  
All the genes involved in high-affinity iron transport system are expressed 
when environmental iron is limiting and repressed when the environmental iron is 
replete. The regulatory mechanisms for the expression of the iron transporter genes 
have also been studied extensively. Yamaguchi-Iwai and colleagues (1995) identified 
a transcription activator Aft1p as the key activator of the iron-dependent 
transcription of many genes involved in iron metabolism. Aft1p is a 78 KDa 
transcription factor containing a glutamine-rich C-terminal trans-activation domain 
and a highly basic N-terminal DNA binding domain (Yamaguchi-Iwai et al., 1995). 
It binds to a conserved PyPuCACCCPu element in the promoter region of the 
targeted genes and activates their expression in iron-deficient but not iron replete 
cells (Yamaguchi-Iwai et al., 1996). This iron-regulated DNA binding by Aft1p was 
later shown to be controlled by nuclear localization of Aft1p in response to iron 
status. A nuclear export signal (NES)-like sequence in Aft1p was identified and 
mutation of this sequence caused nuclear retention of Aft1p and constitutive 
activation of Aft1p function independent of the iron status of the cells (Yamaguchi-
Iwai et al., 2002). Expression of the AFT1-regulated genes in an aft1 null mutant 
strain is basically absent, thus the cell cannot grow in iron-limiting medium, 
indicating that AFT1 is essential for the high-affinity iron uptake system of S. 
cerevisiae (Yamaguchi-Iwai et al., 1995). A second transcription activator was 
identified as Aft2p. Deletion of AFT2 exhibited no phenotype, but over-expression 
of the gene complemented the aft1Δ mutant, indicating that Aft2p can directly or 
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indirectly activate the expression of the genes encoding high-affinity iron 
transporters (Blaiseau et al., 2001; Rutherford et al., 2001). 
 
1.5.3 Other pathways in iron homeostasis 
 
Endocytosis is thought to play some role in iron uptake in S. cerevisiae too. 
It has been shown that end4 mutant, which is defective in an early step of 
endocytosis, exhibits delayed growth under iron starvation (Li et al., 2001). At least 
a fraction of molecules brought into cells via endocytosis end up in the vacuoles for 
storage, usage, recycling or degradation. The vacuole has been designated as an iron 
storage organelle (Raguzzi et al., 1988). The iron store is exported into cytosol for 
use via the Fet5p/Fth1p and Smf3p iron transporters (Urbanowski and Piper, 1999; 
Portnoy et al., 2000). On the other hand, CCC1 encodes a vacuolar transporter that 
transports iron and manganese from cytosol into the vacuoles. Overexpression of 
CCC1 decreases cytosolic iron level and increases vacuolar iron stores. On the 
contrary, deletion of CCC1 leads to lowered vacuolar iron content and reduced iron 
stores, which affects cytosolic iron concentration and cell growth (Li et al., 2001).  
Another organelle involved in iron homeostasis is mitochondrion, where the 
iron-sulfur cluster synthesis takes place (Kispal et al., 1999). Iron-sulfur clusters are 
important cofactors for proteins that are involved in many cellular processes, 
including electron transport, enzymatic catalysis and regulation (Rouault and Tong, 
2005). It has been reported that mutations compromising the iron-sulfur cluster 
synthesis in mitochondria interfere with the Aft1p-mediated regulation of iron 
uptake (Crisp et al., 2003; Foury and Talibi, 2001). Later it was shown that the 
Aft1p-mediated iron regulation does not directly respond to iron, but rather to iron-
sulfur cluster biosynthesis in mitochondria, since interference of mitochondrial iron-
sulfur cluster biosynthesis, which leads to excessive mitochondrial iron accumulation, 
results in transcription of the iron transport system independent of the cytosolic iron 
concentration (Chen et al., 2004). Another study showed that there is a 
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mitochondrial-vacuolar crosstalk pathway in S. cerevisiae that affects iron and 
copper metabolism, where the deletion of mitochondrial iron transporters Mrs3p and 
Mrs4p would interfere with vacuolar metal homeostasis (Li and Kaplan, 2004). 
Taking these results together, it is clear that multiple pathways are involved in the 
iron transport regulation and iron homeostasis in S. cerevisiae, which is 




















Figure 1.1 Iron transport systems in S. cerevisiae 
Various transporters and transporter complexes in different subcellular compartment 
were summarized. Their substrates were also presented. Dashed arrows show the 
regulation relationships. Aft1p acts as the key activator of the iron-dependent 
transcription of many genes involved in iron metabolism. 
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1.5.4 Iron uptake system of C. albicans 
 
In comparison with S. cerevisiae, much less is known about the iron 
transport in C. albicans. Studies in C. albicans show that this pathogen may share a 
similar iron uptake system with S. cerevisiae. So far interests have been largely 
focused on the high-affinity iron transport system of C. albicans, because it is 
important for this pathogen to survive and establish infection in the iron-limiting 
environment of the human host. Like S. cerevisiae, C. albicans has a cell surface-
associated ferric reductase encoded by CFL1 (Hammacott et al., 2000), which can 
reduce the extra-cellular ferric iron to ferrous iron. A multi-copper oxidase gene 
CaFET3 has been identified in C. albicans as a homolog of S. cerevisiae FET3, and 
the mutant lacking CaFET3 was unable to grow in iron-limiting medium but was as 
virulent as the wild type cells in a mouse model of systemic candidiasis (Eck et al., 
1999). Also, the copper transporter essential for copper loading of CaFET3 was also 
identified as CaCcc2p, the homolog of S. cerevisiae Ccc2p. CaCCC2 deletion study 
indicated that it is required for high-affinity iron import. However, CaCCC2 is not 
required for virulence as well (Weissman et al., 2002). Ramanan and Wang (2000) 
isolated a cell surface high-affinity iron permease gene CaFTR1, which is a 
homolog of S. cerevisiae FTR1. Gene deletion study showed that although it 
exhibits normal growth in iron-sufficient conditions, Caftr1Δ mutant did not grow in 
iron-limiting media, failed to colonize mouse kidney and was avirulent in mice 
(Ramanan and Wang, 2000). This was the first demonstration that a component of 
high-affinity iron uptake system constitutes a virulence factor of C. albicans.  
Whether C. albicans can produce siderophore is a subject much of 
controversy. Some groups have reported the secretion of hydroxamate siderophore 
by some C. albicans strains, in an iron concentration and temperature dependent 
manner (Ismail et al., 1985; Ismail and Bedell, 1986; Sweet and Douglas, 1991). 
However, chemical identification of the C. albicans-produced siderophore has not 
been successful. A single siderophore-iron transporter gene CaARN1 has been 
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identified and characterized (Hu et al., 2002). Caarn1Δ cannot use siderophore–iron 
but does not exhibit reduced virulence.  
Unlike S. cerevisiae, C. albicans and many other microbial pathogens can 
utilize haemoglobin and haemin as iron sources, which are released during the lysis 
of erythrocytes (Otto et al., 1992). Since haem is always associated with proteins of 
the host in physiological conditions, a diverse group of cell surface receptors were 
developed in microbes dedicated to binding haem and haem-proteins (Lee, 1995). 
Gilmore et al. (1988) showed that surface receptors for the complement type 3 (C3) 
fragment iC3b were present in C. albicans, which were induced by filamentous 
development and high concentrations of glucose, and was required for the 
pathogenicity by inhibiting phagocytosis. Later, Moors and coworkers (1992) found 
that C. albicans can utilize cell surface proteins that are homologs of the 
mammalian complement receptors (CR) to rosette complement-coated red blood 
cells (RBC) and obtain RBC-derived iron for growth. This Candida-RBC rosetting 
was mediated by CR-like molecules and was inhibited by monoclonal antibodies to 
the human CR type 3 (CR3). The usage of hemoglobin as a source of iron was 
confirmed by the finding that hemoglobin bound to hyphal cells, but not the yeast 
cells, of C. albicans (Tanaka et al., 1997). Moreover, C. albicans was found to 
secrete hemolytic factors, one of which has been identified as a mannoprotein and 
the sugar moiety of this mannoprotein played an important role in the haemolysis 
(Manns et al., 1994; Watanabe et al., 1999).  
 In an attempt to isolate receptors to hemoglobin in C. albicans, a gene 
product encoded by CaHMX1 was identified as a haem oxygenase required for 
utilization of exogenous haem or hemoglobin (Santos et al., 2003; Pendrak et al., 
2004). Weissman and Kornitzer (2004) isolated a conserved family of plasma 
membrane-anchored proteins as haem-binding proteins that are involved in haem-
iron uptake, one of which was encoded by RBT5, whose deletion itself was 
sufficient to significantly reduce the ability of C. albicans to utilize haemin and 
haemoglobin as iron sources. Rbt5p was strongly induced by iron starvation, 
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localized at the plasma membrane, and served as extracellular haem receptor 
(Weissman and Kornitzer, 2004).  
Although the expressions of most of the iron transporter genes, such as 
CaFTR1, CaARN1 and RBT5 are regulated in an iron-dependent manner (Ramanan 
and Wang, 2000; Hu et al., 2002; Weissman and Kornitzer, 2004), the transcription 
factors involved are still not clear. CaTup1p, a transcription repressor playing a role 
in suppressing genes involved in morphologic change, was shown to have a role, but 
a functional counterpart of S. cerevisiae Aft1p has not been found (Braun 2000a, b). 
 
1.6 The aim of the present study 
 
Among the studies on the iron uptake in C. albicans to date, the 
identification of CaFTR1 has highlighted the essentiality of iron for the survival and 
pathogenicity of C. albicans in the host. The isolation of AFT1 in S. cerevisiae 
revealed a regulatory mechanism in which a master transcriptional activator controls 
most of the genes important for the high-affinity iron transport system. With the 
knowledge of the close phylogenetic relationship between S. cerevisiae and C. 
albicans, one may expect that a similar regulatory mechanism may be used in C. 
albicans. However, little is known about the mechanisms of transcriptional control 
of genes involved in high-affinity iron transport and other cellular processes 
important for regulating iron homeostasis in C. albicans in response to changes of 
environmental iron supply.  
The purpose of this study was to isolate Candida genes that may functionally 
suppress the growth defect of S. cerevisiae aft1Δ mutant under iron-limiting 
conditions. To achieve this, we employed a genetic screen in which we transformed 
a C. albicans genomic DNA library into aft1Δ to isolate genes that could allow the 
mutant to grow under iron-limiting conditions. One of the main aims of this 
approach was to identify in C. albicans the functional counterpart of S. cerevisiae 
AFT1. We thought that a master regulator of the high-affinity iron uptake in C. 
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albicans may serve as a good target for the development of new anti-C. albicans 
therapies. Discovery of such a gene may also facilitate the identification of other 
genes that may play roles in iron metabolism via previously unknown mechanisms, 
possibly ones that have uniquely evolved in the pathogen to assist infection.  
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 Chapter 2   Materials and Methods 
 
2.1 Reagents 
       All laboratory chemicals were purchased either from Sigma-Aldrich Co. (St.Louis 
MI, USA) or BDH Ltd. Enzymes were procured from New England Biolabs (Boston, MA, 
USA) and Roche Diagnostics (Mannheim, Germany). Radioisotopes were purchased from 
Amersham (Piscataway, NJ, USA). Oligonucleotides used in this study were synthesized 
by Research Biolabs (Singapore). 
 
2.2 Strains and Culture conditions 
       C. albicans and S. cerevisiae strains used are listed in Table 2.1. The strains were 
routinely grown in YPD medium (1.0% yeast extract, 2.0% peptone, and 2.0% glucose), 
GMM (1× yeast nitrogen base without amino acids and 2.0% glucose), GaMM (1× yeast  
nitrogen base without amino acids and 2.0% galactose) medium, or GMM or GaMM 
medium with supplemented amino acid dropout. All strains were grown with shaking at 30 
°C. Iron-depleted media were prepared by adding 100 or 200 µM bathophenanthroline 
sulfonate (BPS) or 1 mM ferrozine with 50 µM ferrous ammonium sulphate (FAS). For 
hyphal growth in liquid medium, yeast cells were inoculated into one of the following 
three hypha-inducing media and incubated at 37 °C: YPD containing 10% newborn calf 
serum; 1× RPMI1640 (GIBCOBRL), pH7.0; or Lee’s medium pH7.0 (Lee et al., 1975). 
Solid medium containing serum was prepared by spreading 1 ml newborn calf serum onto 
1.5% YPD agar plates and air-dried in a Laminar airflow hood. RPMI solid medium was 
prepared adding 1 volume of 50× RPMI1640 to 49 volume of 1.5% agar dissolved in water 
by autoclaving and cooled to 50 °C. Solid spider medium contains 10 g of manitol, 2 g of 
K2HPO4, and 13.5 g of agar in 1 liter (pH7.2 after autoclave). The agar-embedded growth 
condition is made by embedding cells in YPS agar medium (1% yeast extract, 2% bacto 
peptone, 2% sucrose and 1% agar). AMM solid medium contained only 0.05 mM 
ammonium sulfate as nitrogen source and 1.5% agar. 5-fluoro-acetic acid (5-FOA) 
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medium was prepared by adding 0.1% 5-FOA in synthetic complete medium (0.67% yeast 
nitrogen base without amino acids, 0.2% amino acid mix). 
 
 
Table 2.1. C. albicans and S. cerevisiae strains used in this study  
Strain  Relevant characteristics    Source or reference 
 
S. cerevisiae  
 
CRY2α  trp1 his3 leu2 ura3-52    
MBY3  same as SEY6210 except his3 leu2 ura3-52 vps4Δ::TRP1  Gift from G. Odorizzi  
MBY3-1 same as MBY3 except 2μ PtFTR1-CaMNN5 URA3   This study 
  RH1965  his4 lys2 ura3-52 end4Δ::LEU2     Gift from J. Kaplan  
RH1965-1 same as RH1965 except 2μ PtFTR1-CaMNN5 URA3  This study 
ScWYBC1 same as CRY2α except ftr1Δ::HIS3     Ramanan (2000) 
ScWYBC1-1 same as ScWYBC1 except CEN GAL-CaMNN5 URA3  This study 
ScWYBC2 same as CRY2α except ftr1Δ::HIS3 fet3Δ::LEU2   Ramanan (2000) 
ScWYBC2-1 same as ScWYBC2 except CEN GAL-CaMNN5 URA3  This study 
ScWYBC3 same as CRY2α except aft1Δ::LEU2     This study 
ScWYBC3-1 same as ScWYBC3 except 2μ CaMNN5 URA3   This study 
ScWYBC3-2 same as ScWYBC3 except CEN PtGAL-CaMNN5 URA3   This study 
ScWYBC3-21 same as ScWYBC3 except CEN PtGAL-CaMNN5D282A URA3  This study 
ScWYBC3-22 same as ScWYBC3 except CEN PtGAL-CaMNN5D284A URA3  This study 
ScWYBC3-23 same as ScWYBC3 except CEN PtGAL-CaMNN5E132A URA3  This study 
ScWYBC3-24 same as ScWYBC3 except CEN PtGAL-CaMNN5E230A URA3  This study 
ScWYBC3-25 same as Sc66uWYBC3 except CEN PtGAL-CaMNN5E588A URA3  This study 
ScWYBC3-26 same as ScWYBC3 except CEN PtGAL-CaMNN5E132A E230A URA3  This study 
ScWYBC3-27 same as ScWYBC3 except CEN PtGAL-CaMNN5E132A E230A E588A URA3 This study 
ScWYBC3-3 same as ScWYBC3 except CEN PtGAL-CaMNN5-HA URA3  This study 
ScWYBC3-4 same as ScWYBC3 except CEN PtGAL-MNN2-HA URA3   This study 
ScWYBC3-5 same as ScWYBC3 except CEN PtGAL-MNN5-HA URA3   This study 
ScWYBC4 same as CRY2α except ftr1Δ::HIS3 fth1Δ::LEU2    This study 
ScWYBC4-1 same as ScWYBC4 except CEN PtGAL-CaMNN5 URA3  This study 
ScWYBC5 same as CRY2α except fth1Δ::LEU2     This study 
ScWYBC5-1 same as ScWYBC5 except 2μ PtFTR1-CaMNN5 URA3  This study 
ScWYBC6 same as CRY2α except smf3Δ::HIS3    This study 
ScWYBC6-1 same as ScWYBC6 except 2μ PtFTR1-CaMNN5 URA3  This study 
ScWYBC7 same as CRY2α except fth1Δ::LEU2 smf3Δ::HIS3    This study 
ScWYBC7-1 same as ScWYBC7except 2μ PtFTR1-CaMNN5 URA3  This study 
ScWYBC8 same as CRY2α except mnn2∆::LEU2    This study 
ScWYBC8-1 same as ScWYBC8 except 2µ PtADH1-CaMNN5 URA3  This study 
ScWYBC9 same as CRY2α except mnn5∆::HIS3    This study 
ScWYBC9-1 same as ScWYBC9 except 2µ PtADH1-CaMNN5 URA3  This study 




   
SC5314  wild type       Gillum (1984) 
CaWYNR1 ura3/ura3 Caftr1Δ::hisG/Caftr1Δ::hisG    Ramanan (2000) 
CaWYBCR same as CaWYNR1 except CIP10-CaFTR1 URA3   This study 
CaWYBCR-1 same as CaWYNR1 except CIP10-CaFTR1KEYLE URA3  This study 
CaWYBCR-2 same as CaWYNR1 except CIP10-CaFTR1KEFCE URA3  This study 
CaWYBCR-3 same as CaWYNR1 except CIP10-CaFTR1KETAE URA3  This study 
CaWYBC1 CaMNN5/Camnn5Δ::hisG-URA3-hisG    This study 
CaWYBC1.1 CaMNN5/Camnn5Δ::hisG ura3     This study  
CaWYBC1.2 CaMNN5/Camnn5Δ::hisG::CaMNN5URA3    This study 
CaWYBC2 Camnn5Δ::hisG/Camnn5Δ::CAT-URA3-CAT   This study 
CaWYBC2.1 Camnn5Δ::hisG/Camnn5Δ::CAT ura3    This study 
CaWYBC2.2 same as CaWYBC2.1 except int CaMNN5URA3   This study 
CaWYBC2.3 same as CaWYBC2.1 except int CaMNN5D282A URA3  This study 
CaWYBC2.4 same as CaWYBC2.1 except int CaMNN5D284A URA3  This study 





KM71  arg4 his4 aox1::ARG4      InvitrogenTM 
KMCON  same as KM71 except pPIC9 HIS4    This study 
KMMNN5 same as KM71 except pPIC9-CaMNN5 HIS4   This study 
KMMNN51 same as KM71 except pPIC9-CaMNN5 D282A HIS4   This study 
KMMNN52 same as KM71 except pPIC9-CaMNN5 D284A HIS4   This study 
 
2.3 Oligonucleotide primers 
Restriction site added is underlined. Additional residues were added 5' to the 
restriction site to facilitate complete restriction enzyme cleavage at the ends of PCR 
products. 
 
2.3.1 Gene deletion 
CaMNN5 deletion 
 
   MNN5 ABf:  5' CAATTGCCCAGTTCTACA 3'   
   MNN5 ABr:  5' GGATCCAACATGCGTCTTCTTGAA 3' 
   MNN5 CDf:  5' GGATCCCGGCGAATGATTATGAGA 3'  




   AFT1 ABf:  5' TGAAGTATAAACCGCTAC 3' 
Chapter 2                                                              Materials and methods 
 28
   AFT1 ABr:  5' GGATCCAGATGAATCAAATTGTTT 3' 
   AFT1 CDf:  5' GGATCCGGAAGAGTGGGATCGG 3' 




   FTH1 ABf:  5' CGCTGCCTCTTTGTTC 3' 
   FTH1 ABr:  5' GGATCCTTTTTCGCTTTTCTGTAG 3' 
   FTH1 CDf:  5' GGATCCAGGTAATTCATGCCAATG 3' 




   SMF3 ABf:  5' GATCGGGTGCACTATCAC 3' 
   SMF3 ABr:  5' GGATCCTCCCTGGCCCAATAAA 3' 
   SMF3 CDf:  5' GGATCCGGTGCCGACATCCATTT 3' 




   ScMNN5 ABf:  5' CTATCTCCCACATGTTGGC 3' 
   ScMNN5 ABr:  5' GGATCCCCTGAACTATTAGTATATC 3' 
   ScMNN5 CDf:  5' GGATCCGAGAAAAACTAATGAAGTG 3' 




   ScMNN2 ABf:  5' GAAGCATTCGTTATCAGG 3' 
   ScMNN2 ABr:  5' GGATCCCCTACCTACACTGATTTG 3' 
   ScMNN2 CDf:  5' GGATCCCAACGGGTCGGACTATAG 3' 
   ScMNN2 CDr:  5' GCATTCGAATTCCTTAAC 3' 
 
 
2.3.2 Primers for cloning work 
GFP C-terminal tagging constructs 
   yeGFPf:        5' CGCGGATCCTCTAAAGGTGAAGAATTATTC 3'  
   yeGFPr:        5' TGCTCTAGATTATTTGTACAATTCATC 3' 
   CaMNN5GFPf:  5' CGCGGATCCATGATCGCTAAACAGAAA 3'  
   CaMNN5GFPr:  5' CGCGGATCCTCAAGAAACTACTGTAGG 3'  
    
Expression in P. pastoris  
 
   MNN5-Pf:   5' CCGGAATTCGTCAGAAGCAAAGACTTGTC 3' 
   MNN5-Pr:       5' ATAAGAATGCGGCCGCTCAAGAAACTACTGTAGG 3' 
 
Expression of GST-fusion protein 
   MNN5-Gf:   5' CGGGATCCACAGGCGCCAAATTGCCT 3' 
   MNN5-Gr:       5' ATAAGAATGCGGCCGCTCAAGAAACTACTGTAGG 3' 
    
CaMNN5 Rescue constructs 
 
   CaMNN5 PROMf:     5' CGCGTCGACGCTTGGGCGTAAGGCATA 3' 
   CaMNN5 PROMr:     5' CCGGGATCCTCTGAAAACTTTTTGATG 3'  
   CaMNN5 f:       5' CCGGGATCCATGATCGCTAAACAGAAA 3' 
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   CaMNN5 r:       5' AAGAATGCGGCCGCAGGAATTCTTCCTTGATT 3' 
 
Overexpression of CaMNN5 
 
   ADH1Ptf:   5' CGCGTCGACGACTACATCACGATGAGG 3' 
   ADH1Ptr:       5' CCGGGATCCTGTATATGAGATAGTTGA 3' 
   FTR1Ptf:   5' CGCGTCGACCCGCTTCAAATTGAAGAAG 3' 
   FTR1Ptr:       5' CCGGGATCCGGCGGGAAGTATATGTGTG 3' 
   CaFTR1Ptf:   5' CGCGTCGACCTTCTTGACACGTTTGTG 3' 
   CaFTR1Ptr: 5' CCGGGATCCTGTTAATGTTTATTTTTT 3' 
   CaADH1Ptf:   5' CGCTCTAGAGGAATCACAGTTAC 3' 
   CaADH1Ptr: 5' CCGAGATCTTGTTAATGTTTATTTTTT 3' 
 
 
2.3.3 Probes for Northern Blot 
 
   CaFTR1F:  5' ATGGTTGACGTATTTAAC 3' 
   CaFTR1R:    5' GTTTTCTTTGGATTCGATC 3' 
 
   CaACT1F:      5' ATGTGTAAAGCCGGTTTTG 3'  
   CaACT1R:     5' GAAACATTTGTGGTGAAC 3' 
 
2.3.4 Site-directed Mutagenesis 
Mutations of the putative iron-binding motifs “REXXE” of CaFtr1p and the 
conserved “DXD” motif of CaMnn5p were created by using the QuickchangeTM Site-
directed Mutagenesis Kit (Stratagene).  
 
The following pairs of primers were used to mutate the first glutamic acid in each 
motif to alanine:  
 
E132A: 5′ GTTCGGCAAAGCATACTTGGAAAACGTTTTGGATATCCC 3′ 
 5′ GGGATATCCAAAACGTTTTCCAAGTATGCTTTGCCGAAC 3′ 
 E230A: 5′ GTGATTACGAAAAAGCATTTTGTGAAAAGGTTTTACC 3′ 
   5′ GGTAAAACCTTTTCACAAAATGCTTTTTCGTAATCAC 3′ 
 E588A: 5′ GAAATGGTTGAAGGCAACAGCTGAAATTCCTACAGTAG 3′ 
   5′ CTACTGTAGGAATTTCAGCTGTTGCCTTCAACCATTTC 3′ 
 
The following pairs of primers were used to mutate each of the aspartic acids to 
alanine in “DXD282-284” motif of CaMnn5p: 
 
D282A: 5′ CGTCTTGTACTTAGCATCTGACAATTTCCCAACTAG 3′ 
  5′ CTAGTTGGGAAATTGTCAGATGCTAAGTACAAGACG 3′ 
D284A: 5′ CGTCTTGTACTTAGATTCTGCAAATTTCCCAACTAG 3′ 
  5′ CTAGTTGGGAAATTTGCAGAATCTAAGTACAAGACG 3′ 
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The following pairs of primers were used to replace the iron binding motif 
“REGLE” of CaFtr1 by the putative iron binding motifs of CaMNN5: 
 
M1-F: 5' CATTACTTGTTTGAAGGAATATTTAGAAGCTGTTGTC 3' 
M1-R: 5' GACAACAGCTTCTAAATATTCCTTCAAACAAGTAATG 3' 
M2-F: 5' CATTACTTGTTTGAAGGAATTTTGTGAAGCTGTTGTCTTCG 3' 
M2-R: 5' CGAAGACAACAGCTTCACAAAATTCCTTCAAACAAGTAATG 3' 
M3-F: 5' CATTACTTGTTTGAAGGAAACTGCAGAAGCTGTTGTCTTCG 3' 
M3-R: 5' CGAAGACAACAGCTTCTGCAGTTTCCTTCAAACAAGTAATG 3' 
 
2.4 Recombinant DNA methods 
      General recombinant DNA methods were performed essentially as described by 
Sambrook et al. (1989). Polymerase chain reaction (PCR) was carried out using high 
fidelity DNA polymerase. Restriction enzyme digestion was performed using the 
appropriate buffers supplied by the manufacturers. Blunt ending of DNA fragments was 
carried out using Klenow DNA polymerase. Dephosphorylation of cloning vectors was 
done using calf intestinal phosphatase (CIP). T4 DNA ligase was used for ligation of 
DNA fragments. DNA sequencing was performed with the Sequenase DNA sequencing kit 
(U.S. Biochemical, USA) according to the manufacturer’s instructions. 
 
2.4.1 Preparation of electrocompetent E. coli cells. 
The electroporation competent E. coli cells were prepared as follows: 
• Inoculate flasks of SOB (without Mg2+) with a 1:1000 dilution of a fresh 
saturated culture of E. coli. 
• Grow the cells with shaking at 200 rpm at 37 °C until OD550=0.7. 
• Spin down cells at 2000× g for 10 min. Keep the cells ice-cold throughout the 
procedure. 
• Wash cells by resuspending in a volume of ice-cold 10% sterile glycerol equal 
to that of the original culture. 
• Spin down cells at 2000× g for 10 min. Repeat the wash step twice. 
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• Pour off supernatant and resuspend cells using the glycerol solution remaining 
in the centrifuge bottle. 
• Centrifuge at 2200× g for 10 min. 
• Decant supernatant and resuspend cells in 125 μl of ice cold 10% glycerol per 
100 ml of original culture.  
• Freeze cells in 20 μl aliquots in liquid nitrogen. 
      For transformation, combine 20 μl of the electroporation competent cells with 1-2 
μl of plasmid or ligation mixture in a 0.2 cm electroporation cuvette and leave on ice for 5 
min. The electroporation is done using a Gene Pulser (Bio-Rad) at a voltage of 2 KV and 
with a resistence and capacitance of 200 Ω resistance and 25 μF, respectively. Following 
electroporation, cells are resuspended in 1 ml of SOC and grown at 37 °C for 1 h. 
Aliquots of the cells were spread onto agar plates containing the selective medium with 
the appropriate antibiotics. 
 
2.4.2 Plasmid preparation and analysis 
      Small-scale plasmid isolation from E. coli cultures was carried out using the 
QIAprep Miniprep Kit (QIAGEN Inc., Germany) according to the manufacturer’s protocol. 
• Spin down cells from a 5 ml overnight culture by centrifugation at full speed in 
an Eppendorf 5145c centrifuge (Eppendorf, Hamburg, Germany). Decant the 
supernatant and resuspend the cell pellet thoroughly in 250 μl of Buffer P1 (50 
mM Tris-HCl, pH8.0; 10 mM EDTA; 100 μg/ml RNaseA). Transfer the cell 
suspension to a 1.5 ml microfuge tube. 
• Lyse cells by adding 250 μl of Buffer P2 (200 mM NaOH, 1% SDS). Mix 
gently by reverting the tube several times. 
• Add 350 μl of Neutralization Buffer N3 (3.0 M potassium acetate, pH5.5) and 
mix gently but thoroughly to prevent localized precipitation. 
• Centrifuge at full speed in an Eppendorf microfuge for 10 min to pellet the 
precipitated proteins and genomic DNA. 
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• Transfer the supernatant to a QIAprep column and centrifuge at full speed for 
30-60 s. Discard the flow-through. 
• Wash the column by adding 0.5 ml of Buffer PB and centrifuge at full speed 
for 30-60 s. Discard the flow-through. 
• Wash column with 0.75 ml of Buffer PE and centrifuge for 30-60 s. Discard 
flow-through and centrifuge the column for 1 min to remove the residual wash 
buffer. 
• Place the column in a fresh 1.5 ml tube. Add 50 μl of Buffer EB (10 mM Tris-
HCl, pH 8.5) to the column; let it stand for 1 min before centrifugation to elute 
the DNA. 
Restriction digestions were performed to analyze the plasmid constructs. Normally, 
1-2 μg of the plasmid DNA was digested with 1-2 units of the appropriate enzymes in a 
20 μl reaction at 37 °C for 2 h. The digestion products were analyzed by agarose gel 
electrophoresis. 
 
2.4.3 Preparation of DNA probes 
       The DNA probes for Southern and Northern blot analysis were prepared using the 
Random Primed DNA Labeling Kit (Roche Diagnostics). A mixture of all possible 
hexadeoxyribonucleotides was hybridized to the template DNA probe as primers for DNA 
synthesis. Complementary strands are synthesized from 3′-OH terminus of the hexamers 
using Klenow enzyme in the presence of dNTP. Usually, dCTP or dATP is 32P-labeled.  
• Take 25 ng of template DNA in a volume of 9 μl H2O. Heat-denature the DNA 
at 95 °C for 10 min followed by chilling on ice.  
• Add 1 μl each of dATP, dGTP, and dTTP and 2 μl of 10× reaction buffer 
containing the hexadeoxyribonucleotide mixture. 
• Add 5 μl of [α-32P] dCTP, (3000 Ci/mmol) 
• Add 1 μl of Klenow enzyme (1 U/μl) and incubate the reaction at 37 °C for 30 
min. 
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• Remove unincorporated dNTPs by chromatography on a TE-10 chroma-spin 
column (Clontech Inc., La Jolla, CA, USA) by following the supplier’s 
procedure. 
• Heat-denature the 32P-labeled DNA at 95 °C for 10 min, chill on ice and add to 
the hybridization mixture. 
 
2.4.4 Southern blot 
     For Southern blot analysis, the genomic DNA was digested with the appropriate 
enzymes and electrophoresed through an agarose gel of appropriate concentration. 
• Transfer DNA to nylon membrane (Pharmacia-Amersham) by using the 
capillary transfer method in 10× SSC transfer buffer. 
• Following a 12-16 h transfer, air-dry the membrane and bake it at 80 °C for 1 h. 
• Prehybridize the membrane in a rotary oven (Hoefer Scientific, CA, USA) at 42 
°C for 3 h in 20 ml of hybridization solution. 
• Add 32P-labeled DNA probe to the hybridization solution and carry out the 
hybridization in the rotary oven overnight at 42 °C. 
• Wash the membranes once in 2× SSC containing 0.1% SDS for 30 min at 65 
°C, then once in 1× SSC, 0.1% SDS at 65 °C for 1 h. 
• Expose the membrane to X-ray film at -80 °C. 
 
2.4.5 Northern blot 
       The RNA (25 μg each well) samples were separated on a 0.22M formaldehyde-
1.2% agarose gel and blotted onto Hybond-N nylon membrane by capillary transfer using 
20× SSC as transfer buffer. DNA fragments corresponding to the coding region were 
PCR-amplified from genomic DNA and 32P-labeled as probes. The PCR conditions were 
as follows: initial denaturation (95 °C, 5 min) followed by 30 cycles of denaturation (95 
°C, 1 min), annealing (50 °C, 1 min) and extension (72 °C, 1.5 min). The prehybridation, 
hybridization and subsequent washing of the membranes were done as described for the 
Southern analysis above. To confirm the equal sample loading in all the wells, the 
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membranes were probed with 32P-labeled coding region of C. albicans actin gene 
(CaACT1). 
 
2.5 C. albicans and S. cerevisiae manipulations 
2.5.1 Transformation 
      C. albicans and S. cerevisiae were transformed by electroporation as follows:  
• Grow cells overnight in 30 ml YPD to a density of 2×108 cells/ml. 
• Spin down cells at 3000× g for 10 min. 
• Resuspend cells at room temperature in 6 ml sterile water. Add 5 ml of 10× TE 
( 100 mM TrisHCl, pH8.0 and 10 mM EDTA) and 0.75 ml of 10× LiAc (1 M 
LiAc, pH7.5). 
• Incubate the cell suspension on a shaker at 200 rpm at 30 °C for 45 min. 
• Add 200 μl of 1 M DTT and continue the incubation at 30 °C for 15 min. 
• Centrifuge cells at 3000× g and wash the cells with 30 ml ice-cold water twice. 
• Centrifuge cells at 3000× g and wash the cells with 10 ml ice-cold 1 M sorbitol. 
• Spin down cells by centrifugation at 3000× g and resuspend cells in 100 μl of 1 M 
sorbitol. 
• For electroporation, combine 40 μl cells with 0.1-5 μg DNA in an electroporation 
cuvette with an electrodistance of 0.2 cm (Bio-Rad) and pulse cells at 1.6 KV 
voltage, 200 Ω resistance and 25 μF capacitance. 
• Resuspend the cells in 1 ml of YPD and grow at 30 °C for 2 h. 
• Pellet cells by centrifugation at 3000× g for 10 min and resuspend the cells in 
sterile water and plate on selective media. 
• Incubate the plates at 30 °C for 2-3 days. 
 
2.5.2 Preparation of C. albicans and S. cerevisiae genomic DNA 
       Isolation of DNA from C. albicans and S. cerevisiae was done sequentially by 
enzymatic removal of the cell wall, lysis of the spheroplast, precipitation of proteins and 
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purification of the DNA. Treating cells with the enzyme, zymolyse or lyticase (ICN or 
Sigma-Aldrich Co.), to remove the cell wall. 
• Grow cells overnight at 30 °C in 10 ml YPD. 
• Spin down cells at 3000× g in an Eppendorf microfuge for 5 min. 
• Resuspend cells in 0.5 ml of a buffer containing 1 M sorbitol and 0.1 M potassium 
phosphate (pH7.5) and then transfer the cell suspension to a 1.5 ml microfuge tube. 
• Add 5 μl of a 15 mg/ml solution of zymolyase, or lyticase and incubate at 37 °C 
for 60 min. 
• Centrifuge in an Eppendorf microfuge at 11000× g for 5 min. 
• Decant the supernatant and resuspend spheroplasts in 0.5 ml of 50 mM Tris-Cl 
(pH7.4) and 20 mM Na2EDTA. 
• Add 50 μl of 10% SDS and mix well. Incubate the mixture at 65 °C for 30 min. 
• Add 0.2 ml of 5 M potassium acetate and place the tube on ice for 60 min. 
• Centrifuge in an Eppendorf microfuge at full speed for 10 min. Transfer the 
supernatant to a fresh tube and add one volume of 100% isopropanol at room 
temperature. Mix and allow the mixture to sit for 5 min. Centrifuge briefly. 
Discard supernatant and air-dry the pellet. 
• Resuspend the pellet in 40 μl of TE (pH7.4). Add 1 μl of a 1 mg/ml solution of 
RNase A and incubate at 37 °C for 60 min. 
 
2.5.3 Preparation of C. albicans and S. cerevisiae RNA  
      Total RNA was isolated for gene expression analysis using Trizol reagent (LTI Inc., 
CA, USA). The following protocol is standardized for 30 ml culture of C. albicans or S. 
cerevisiae. The yield of total RNA is about 500 μg. 
• Spin down cells at 2000× g. Wash once by resuspending the cell pellet in ice 
cold 1.2 M sorbitol followed by centrifugation at 2000× g. 
• Resuspend cells in 1ml of cold Trizol reagent and transfer to 1.5 ml screw cap 
plastic tube. Add 200 μl of pre-cooled acid-washed glass beads (400 μm 
diameter, Sigma-Aldrich Co Inc.). 
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• Break cells in a Beadbeater (BioSpec Products Inc, Bartlesville, OK, USA) for 
three cycles of 2 min-beating at 4 °C and 2 min chilling on ice. 
• Incubate the cell lysate for 5 min at room temperature to allow dissociation of 
nucleoprotein complexes. 
• Add 0.2 ml chloroform, cap the tube tightly and shake vigorously for 15 s. 
incubate at room temperature for 5 min. 
• Centrifuge the tube at 12,000 rpm at 4 °C for 15 min. 
• Transfer upper aqueous phase to a fresh 1.5 ml microfuge tube and add 0.5 ml 
isopropanol. Incubate the tubes at room temperature for 10 min. 
• Centrifuge at 12,000 rpm at 4 °C for 15 min. 
Remove the supernatant, wash pellet once with 1 ml of 75% ice-cold ethanol. 
Remove the ethanol and air-dry the pellet for 10 min. Dissolve the pellet in appropriate 
amount of RNase-free water to give a final concentration of 5-10 μg/μl.   
 
2.6 Gene disruption and expression 
2.6.1 S. cerevisiae gene deletion   
      AFT1, FTH1, SMF3, MNN2 and MNN5 deletion mutants were all derived from 
strain CRY2α using the same deletion strategy. A gene deletion cassette was constructed 
by flanking a marker gene, HIS3 or LEU2, with two DNA fragments corresponding to the 
5′- (AB fragment) and 3′-untranslated (CD fragment) regions of the target gene 
respectively. The oligonucleotide primers used to PCR-amplify the AB and CD fragments, 
together with all the primers used in this study, are listed in section 2.3. Appropriate 
restriction sites are added to some primers to facilitate ligation. Transformations were 
selected on histidine- or leucine-dropout medium according to the selection marker used. 
Correct deletion of each gene was verified by Southern blotting and the examination of 
phenotypes characteristic of each mutant. 
 
2.6.2 C. albicans MNN5 gene deletion 
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The two copies of the CaMNN5 gene were sequentially deleted from strains CAI4 
using the URA blaster method (Fonzi, 1993). Two gene deletion cassettes were constructed 
by flanking the deletion cassettes hisG-CaURA3-hisG and cat-CaURA3-cat, with two 
DNA fragments corresponding to the 5′- and 3′-untranslated regions of CaMNN5. PCR 
primers for amplifying CaMNN5 gene segments (see section 2.3) were designed based on 
the known CaMNN5 sequence (http://www-sequence.stanford.edu). hisG-CaURA3-hisG 
and cat-CaURA3-cat was ligated between the 5′- and 3′-fragments at the Bam HI 
restriction site. The hisG-CaURA3-hisG cassette was used to delete the first copy of 
CaMNN5 using electroporation method described above. Multiple clones of 
CaMNN5/Camnn5Δ::hisG-URA3-hisG genotype were obtained, and cells were spread onto 
FOA plates to isolate the Ura- clones of CaMNN5/Camnn5Δ::hisG genotype. Two 
independent CaMNN5/Camnn5Δ::hisG clones were transformed with the cat-CaURA3-cat 
cassette to obtain clones of the genotype Camnn5Δ::hisG/Camnn5Δ::cat-URA3-cat. The 
URA3 gene was then looped out on FOA plates to produce Camnn5Δ::hisG/Camnn5Δ::cat 
clones. Correct deletion of each gene was verified by Southern blotting. 
 
2.6.3 Plasmid constructs for GFP tagging  
       A fragment encoding the codon-optimized yEGFP (Cormack, 1997) was fused in 
frame to the 3' end of CaMNN5 open reading frame. The fusion construct was placed 
under the control of the ADH1 promoter in an RP10/URA3-containing plasmid. The 
plasmid was linearized at stu I size and integrated at RP10 locus into the homozygous 
CaMNN5/Camnn5Δ strain CaWYBC2.1 to get strain CaWYBC2.3. The empty plasmid 
lacking CaMNN5 was also constructed and transformed into CaWYBC2.1 for negative 
control. Transformants were selected on GMM plates. Positive colonies were confirmed by 
Southern blot. 
 
2.6.4 Constructs in the study of CaMNN5 
       CaMNN5 coding region with ~600-bp 5'- and 600-bp 3'-UTR was PCR-amplified 
and cloned between the SalI and NotI sites of plasmid pRS426 (Sikorski et al., 1989). 
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This plasmid was transformed into strain ScWYBC3 to get ScWYBC3-1. Transformants 
were selected on GMM uridine drop-out plates. Also, CaMNN5 coding region with ~600-
bp 3'-UTR was PCR-amplified and cloned between the Sal I and Bam HI sites of plasmid 
pUS234 (gift from Uttam Surana, Institute of Molecular and Cell Biology, Singapore), in 
which the S. cerevisiae Gal 1-10 promoter has been cloned between Bam HI and Eco RI 
sites. The resulting plasmid was transformed into strain ScWYBC3 to yield strain 
ScWYBC3-2.  
 For the HA-tagging constructs, the coding region of CaMNN5 was cloned to 
plasmid pYQS136 (gift from Uttam Surana), in which the DNA sequence encoding three 
copies of the HA epitope (YPYDVPDYA) was fused to the 3′ end of CaMNN5 coding 
region, and the fusion protein was placed under the control of S. cerevisiae Gal 1-10 
promoter. Similarly, the coding regions of S. cerevisiae MNN2 and MNN5 was cloned 
using the same strategy.  
  
2.7 Microscopy  
       We used a Leica DMR fluorescence microscope with 100× objective and a 
Hamamatsu digital camera interfaced with METAMORPH software (Universal Imaging). 
Cell morphology was examined by using differential interference contrast optics (DIC) for 
morphological analysis. GFP was visualized by using fluorescence setting. For morphology 
and GFP localization, living cells were examined immediately without fixing. Nuclei were 
stained directly by using the Vectorshield mounting medium containing DAPI.  
 
2.8 Indirect immunofluorescence staining of cells  
The mouse monoclonal antibody 12CA5 (Roche Applied Science) was used as 
primary antibody in the indirect immunofluorescence staining of HA-tagged proteins, and 
Cy3-conjugated goat anti mouse IgG antibody was used as secondary antibody. 10 ml of 
log phase cells were spun down and fixed with 3.7 % formaldehyde in 100 mM potassium 
phosphate buffer, pH 6.5, for 60-90 min. Cells were washed four times with phosphate 
buffer and once in spheroplasting buffer (1.2 M sorbitol, 100 mM phosphate-citrate, pH 
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5.9) before resuspending in 5 volumes of spheroplasting buffer containing 1/10 glusulase 
and 1/100 1% zymolyase 20T and digesting for 90 min at 30 °C. Cells were then washed 
with the spheroplasting buffer and pipetted on to polylysine-coated microscope slides. The 
slides were plunged into methanol (-20 °C) and kept for 6 min and then in acetone (-20 
°C) for 1 min before being air-dried and the addition of diluted antibody. Incubations were 
carried out overnight at 4 °C. The slides were washed and incubated with appropriate 
secondary antibody for 1 h at room temperature, washed with PBS, and mounted with 
mounting medium. Images were obtained using an Leica DMR fluorescence microscope. 
 
2.9 Protein work 
2.9.1 Yeast protein preparation 
       Cells were spun down by centrifugation at 3000 g for 5 min. The cell pellet was 
resuspended in 300 μl of ice-cold lysis buffer containing 1% Triton X-100, 0.1% SDS, 50 
mM Tris (pH 7.2), 1% sodium deoxycholic acid, and one protease inhibitor mixture tablet 
(Roche Molecular Biochemicals)/25ml. Then the cell suspension was transferred to a 2-ml 
screw-cap tube. An equal volume of glass beads was added, and the cells were broken by 
using the Mini-Beadbeater (Biospec Products, Inc.) at maximum speed for two cycles of 
2-min beating, leaving the sample on ice for 2 min in between. The cell lysate was spun at 
maximum speed in an Eppendorf microcentrifuge for 5 min and the supernatant was 
transferred to a new 1.5 ml tube. Protein concentration was determined by the Bradford 
assay (Bio-Rad). About 100 µg of total protein in SDS-loading buffer (100 mM 
dithiothreitol, 50 mM Tris-HCl pH6.8, 2% SDS, 0.1% bromophenol blue, 10% glycerol) 
was boiled for 4 min and loaded for SDS-PAGE. 
 
2.9.2 Western blot 
        SDS-PAGE was carried out as described in standard protocols (Sambrook et al., 
1989) using the Mini-PROTEAN II electrophoresis system (Bio-Rad, USA) in Tris-glycine 
buffer (25 mM Tris, 250 mM glycine, 0.1% SDS). The proteins resolved on SDS-PAGE 
were then transferred onto Hybond C nitrocellulose membrane (Amersham, UK) using 
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either the Transblot semi-dry transfer cell (Bio-Rad) or the Bio-Rad Wet Transfer System 
in transfer buffer (48 mM Tris, 39 mM glycine, 10% methanol). The membrane was then 
incubated for 60 min in blocking buffer (PBS containing 5% non-fat milk) at room 
temperature. The membrane was then incubated with the primary antibody in PBST (PBS 
with 0.05% Tween-20) containing 1% non-fat milk for 90 min at room temperature and 
washed extensively in PBST buffer. The membrane was then incubated in PBST 
containing 1% non-fat milk and the horseradish peroxidase-conjugated secondary antibody 
for 60 min at room temperature. The membrane was then extensively washed in PBST. 
Antibody-antigen complexes were visualized with the Enhanced Chemi-Luminescence 
(ECL) system (Amersham, UK). 
 
2.9.3 Subcellular Fractionation  
      Cells were grown in 500 ml of GaMM medium to OD600 = 0.8-1.0 before harvest 
by centrifugation at 3000 g for 10 min. The cell pellet was resuspended in 50 ml of 200 
mM Tris-HCl (pH 8.0), 1 mM EDTA and 1% β-mercaptoethanol. The cell suspension was 
centrifuged again at 3000 g for 5 min and the pellet resuspended in 50 ml 1.2 M sorbitol 
solution containing 20 mg of lyticase and digested at 30 °C for 60 min. The spheroplasts 
were washed once with 1.2 M sorbitol and then lysed with a Dounce homogenizer in 4 ml 
of ice-cold hypo-osmotic buffer containing 50 mM KPO4 buffer (pH 7.5), 200 mM of 
sorbitol, 1 mM EDTA, one protease inhibitor mixture tablet (Roche Molecular 
Biochemicals)/25ml. The cell lysate was centrifuged at 500 g for 5 min and then the 
supernatant was transferred to a new tube for centrifugation at 13000 g for 15 min. The 
supernatant was then loaded on the top of a 22-60% sucrose step gradient, followed by 
centrifugation at 170000 g (37113 rpm in Beckman SW41Ti rotor) at 4 °C for 18 h. Serial 
fractions of 0.75 ml were collected and 40 μl sample of each were resolved by 10% SDS 
polyacrylamide gel electrophoresis followed by Western blot analysis. 
 
2.9.4 Expression and purification of GST-fusion protein 
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The region of CaMNN5 encoding amino acid residues 211-597 was cloned into the 
pGEX-4T-1 expression vector (Amersham Pharmacia Biotech) in frame with the 
glutathione S-transferase peptide sequence. The construct was transformed into the E. coli 
strain BL21 (Amersham Pharmacia Biotech). The purification of GST-fusion protein was 
performed as described previously (Frangioni, 1993). One liter of bacterial culture was 
grown to OD600=0.8-1.0 before a 6-h induction with 1 mM IPTG at 30 °C. Cells were 
pelleted and resuspended in 40 ml lysis buffer (10 mM Tris-HCl pH 8.0, 1 mM DTT, 1 
mM EDTA, 150 mM NaCl, 0.5% Triton X-100, one protease inhibitor mixture tablet 
(Roche Molecular Biochemicals). Lysis was performed by sonication at 4 °C for 8 min (1 
min × 8). The lysates were cleared by centrifugation, mixed with 1 ml glutathione 
Sepharose 4B beads (Amersham Biosciences) and incubated at 4 °C for 3 h. After washing 
with the washing buffer (25 mM Tris-HCl pH 8.0, 1 mM DTT, 1 mM EDTA, 0.5 M NaCl, 
1% Triton X-100), the GST fusion protein was eluted with 20 mM reduced glutathione in 
the elution buffer (25 mM Tris-HCl pH 8.0, 1 mM DTT, 1 mM EDTA, 0.15 M NaCl). 
Protein concentration was determined by the Bradford assay (Bio-Rad). Aliquots of the 
GST-fusion protein-bound beads were kept for the purification of antibody raised against 
the expressed protein.  
 
2.9.5 Preparation of polyclonal antibodies 
 Local New Zealand White rabbits were purchased from the Sembawang Laboratory 
Animals Centre (Singapore). The rabbit was injected with 500 μg of GST fusion protein 
emulsified in complete Freund’s adjuvant (Sigma). Booster injections containing a similar 
amount of antigen emulsified in incomplete Freund’s adjuvant (Sigma) were administered 
every two weeks. The rabbit was bled 10 days after the fifth injection and subsequent 
booster injections. Affinity purification of specific antibodies was performed using the 
above GST fusion proteins coupled to the glutathione Sepharose 4B beads. Serum was 
incubated with 1 ml of the beads at 4 °C for 3 h. The beads were then washed extensively 
with PBS. Specific antibodies were eluted with ImmunoPure® IgG elution buffer (Pierce 
Biotechnology). Collected fractions were analyzed by SDS-PAGE to determine 
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concentration of the antibodies. The antibody-containing fractions were pooled and 
dialyzed against PBS. 
 
2.10 59Fe Uptake Assay and 55Fe binding assay 
C. albicans and S. cerevisiae strains were first grown to saturation in GMM or 
GaMM according to the strain background and then washed twice with 10 mM EDTA and 
once at room temperature with GMM or GaMM containing 200 μM BPS. The cells were 
then resuspended in the GMM- or GaMM-BPS to a density of 1 × 107 cells/ml and grown 
for 6 h to deplete the intracellular iron. Cells were then counted, spun down, and divided 
into 50-μl aliquots in GaMM or GaMM-BPS medium, each containing ~2 × 107 cells. 59Fe 
was added to each aliquot to a final concentration of 2 μM and cells incubated at 30 °C. 
One such aliquot of each strain was kept on ice to estimate the background 59Fe binding to 
cell surface. After incubation, cells were collected at different time points and washed 
twice with ice-cold 10 mM EDTA to remove unincorporated 59Fe. The cell pellets were 
then resuspended in 3 ml of scintillation fluid for counting using an Amersham 
Biosciences Compugamma counter (Model 1282). After subtracting the background 
binding, the iron uptake rate is expressed as femto moles of 59Fe/106 cells/min. For the 
assays in the presence of 200 μM BPS, the iron uptake is expressed as the total femto 
moles of 59Fe/106 cells at the end of incubation. 
For the 55Fe binding assay, the strains expressing HA-tagged proteins were first 
grown in the presence of 200 μM PBS to deplete iron as described above and then grown 
in GaMM medium containing 5 μM 55Fe for 12 h. Total protein was extracted as 
described above, and the cell lysate was mixed with 6 μl of agarose beads coupled with 
anti-HA antibody (ProFoundTM HA Tag Co-IP kit, Pierce) or agarose beads without 
antibody in a HandeeTM Mini-spin column. The mixtures were incubated at 4 °C for 3 h 
with gentle end-over-end mixing. Then the beads was spun down and washed twice at 4 
°C with TBS-T buffer (25 mM Tris-HCl, pH 7.2, 0.15 M NaCl, 0.05% Tween-20). The 
HA-tagged protein was eluted with 50 μl of elution buffer (from the same kit) and mixed 
with 3 ml of scintillation fluid to determine co-precipitated 55Fe in a scintillation beta 
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counter (Amersham Biosciences). An aliquot of the whole cell lysate was used to 
determine 55Fe uptake into the cell and an aliquot of the eluted protein was examined by 
anti-HA Western blot for expression levels.  
 
2.11 Lucifer yellow endocytosis assay 
To assay fluid-phase endocytosis, Lucifer yellow (LY) dilithium salt (Sigma) was 
added to the log-phase yeast cells to a final concentration of 1 mg/ml. After 2-h 
incubation, cells were washed 3 times with PBS containing 10 mM sodium azide and then 
3 times with PBS. Cells were then digested in 1.2 M sorbitol solution containing 0.2 
mg/ml of zymolase at 30 °C for 30 min. The spheroplasts were washed once with 1.2 M 
sorbitol and then lysed by sonication for 30 seconds in ice-cold PBS buffer containing 
0.05% (v/v) Triton X-100. Fluorescence was determined by using a Perkin-Elmer LS-55 
spectrofluorometer with λexc at 423 nm and λem at 530 nm, normalized to a Lucifer yellow 
standard curve in the same buffer. Protein concentration was determined by Bradford 
assay (Bio-Rad). LY accumulation was expressed as μg LY/mg protein.  
 
2.12 Expression and purification of CaMnn5p in Pichia pastoris 
P. pastoris strain KM71 was transformed by electroporation with 2 μg of linearized 
plasmid carrying the gene to be expressed by following the protocol described in the 
Pichia Expression Kit manual (version M, Invitrogen). Transformants were selected on 
GMM plate without histidine. Positive transformants were confirmed by PCR and then 
grown to near saturation at 30 °C in 10 ml of minimal glycerol medium (1.34% yeast 
nitrogen base, 1% Glycerol, 4 × 10-5 % biotin). Cells were harvested by centrifugation and 
resuspended in 2 ml of buffered methanol medium with 0.5% methanol instead of glycerol. 
After 24 h of induction, the supernatants were analyzed by SDS-PAGE electrophoresis.  
To purify the expressed protein, the sample was first concentrated by passing the 
supernatant through the Centriplus spin filter (Centroplus, MW cut-off 10 kDa, Millipore) 
at 3000 g. Then the protein on the filter was washed 3 times with 20 mM Tris-HCl (pH 8) 
and then resuspended in a small volume (~1/10 of the original volume) of 20 mM Tris-
Chapter 2                                                              Materials and methods 
 44
HCl (pH 8) and applied to FPLC separation using a Mono-Q column (10×100 mm, 
Amersham). A KCl gradient, which gradually increased from 0 to 0.8 M from 0 to 50 min, 
was used to elute the protein. Fractions (4 ml/min) were collected for SDS-PAGE and 
Western blot analysis to locate CaMnn5p. The elution buffer of the fraction containing 
CaMnn5p was replaced with 20 mM phosphate buffer (pH 6.0) by using the Centriplus 
filter as described above. Protein concentration was determined by Bradford assay (Bio-
Rad).  
 
2.13 Assay of CaMnn5p mannosyltransferase activity 
Ten microliters of the P. pastoris culture supernatant or purified proteins was 
directly used as enzyme source in a buffer containing 50 mM Tris-Cl (pH 7.2), 10 mM 
MnCl2, 0.23 μM GDP-[14C]mannose (62 nCi; specific activity 289 mCi/mmol), 20 mM 6-
O-α-D-mannopyranosyl-D-mannopyranose acceptor (Sigma) and 5 mg/ml bovine serum 
albumin. Standard reactions were done for 60 min at 30 °C in a final volume of 50 μl. 
Results are expressed as specific activities/mg of protein. To terminate the reaction, the 
mixtures were passed through 0.8 ml of QAE-Sephadex anion exchange resin (Amersham 
Biosciences) to remove the unlabeled GDP-mannose. The 14C-labelled products were 
eluted with 0.8 ml of water and radioactivity counted in 3 ml scintillation fluid.  
 
2.14 Alcian blue binding assay  
 Alcian blue binding assays were carried out using the method of Herrero et al. 
(2002). A standard curve was created by making a serial dilution of 0.1% Alcian blue 8GX 
(Sigma) in 0.02 N HCl, measuring the absorbance at 600 nm, and plotting the OD600 
values versus the amounts (μg) of Alcian blue. Five milliliters of cell culture at OD600=1 
(exponential phase) was spun down and the pellet washed once with 2 ml of 0.02 N HCl 
and resuspended in 1 ml of the staining solution (0.005% Alcian blue in 0.02 N HCl; a 
total of 50 µg in the staining solution). Cells were allowed to stand for 10 min in the tubes 
and then centrifuged for 2 min, and the OD600 of the supernatants was measured. The 
amount of Alcian blue dye in the supernatant was determined using the standard curve 
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generated above. The amount of dye bound to the cells was calculated as 50 µg minus the 
amount of the unbound dye in the supernatant.  
 
2.15 O-linked carbohydrate analysis 
 The total O-linked carbohydrates were analyzed as described previously (Haselbeck, 
1983) with minor modifications. Yeast cells were initially labeled with [2-3H]-D-mannose. 
Cells growing in 2 ml of YP + 0.5% sucrose were incubated with 1.85 MBq of [2-3H]-D-
mannose (777 GBq mmol
-
; Perkin Elmer) at 30 ºC for 120 min. Cells were then harvested, 
resuspended in 300 µl PBS, and disrupted with glass beads as described previously. The 
cell walls were then collected and lyophilized. Same amount of dried cell wall from 
different strains were treated with 0.1 M NaOH for 24 h at room temperature. ß-
elimination was stopped by the addition of HCl to a final concentration of 0.1 M and the 
protein was removed by centrifugation. The 3H-labeled species in the supernatant were 
subjected to thin-layer chromatography on Silica Gel 60 G plates (Merck) with two 
consecutive ascents, in ethyl acetate-butanol-acetic acid-water (3:4:2.5:4). The thin-layer 
chromatograms were treated with EN3HANCE reagent (Perkin Elmer) for fluorography and 
exposed to X-ray film at -70 °C. To quantify each oligosaccharide species, the aluminum 
silica plate was cut into 0.5 cm2 (1 cm × 0.5 cm) areas according to the location of each 
O-linked mannose species (M1 to M5) and N-linked mannans (at the origin of sample 
loading on the TLC plate), followed by adding 3 ml of scintillation fluid for counting 3H 
signals using an scintillation beta counter (Amersham Biosciences). After subtracting the 
background 3H count, the content of each oligosaccharide species was expressed as 
percentage of the total signal of the five mannose species.  
 
2.16 Lactoferrin killing assay 
 Log-phase C. albicans cells were mixed with lactoferrin (LF) in 0.05 mM KCI 
buffer (pH 7.0) to a volume of 1.0 ml. LF was used at concentrations of 100 mg/L. The 
mixtures were incubated in a shaking water bath at 37 °C for 75 min. For the negative 
control the cells were incubated in the KCl solution without LF. Then the cells were 
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vortexed in tubes before plating serial dilutions of the cells on YPD plates. The plates 
were incubated aerobically for 48 h at 30 °C prior to counting colony-forming units 
(CFUs). 
 
2.17 Cell wall defects test 
 For lyticase digestion assay, mid-log phase cells were diluted to OD600=0.6 and 
treated with lyticase (Sigma) at a final concentration of 200 μg/ml. Assays were carried 
out at 30 °C with shaking and aliquots of samples were collected at different time points 
and OD600 was measured. For Congo red assay, serial dilutions of different strains were 
dropped on 1.5% agar plate containing 200 μg/ml of Congo red (Sigma). Plates were 
incubated at 30 °C for 4 days.  
 
2.18 Virulence test in mice   
       Female Balb/c mice (Jackson Labs) of 8 weeks were used in the virulence test. 
Cells from each C. albicans strain were grown in GMM to log phase, washed 3 times with 
and resuspended in PBS at a concentration of 1 × 107 cells/ml. For each strain 2 groups of 
totally 15 mice were used. One million cells per animal were inoculated through the tail 
vein. The mice were monitored daily for death. 
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Chapter 3  ISOLATION AND FUNCTIONAL 
CHARACTERIZATION OF A NOVEL CANDIDA 
ALBICANS GENE CaMNN5 THAT SUPPRESSES THE 
IRON-DEPENDENT GROWTH DEFECT OF 







Iron is an essential element for most living organisms. Microbial pathogens 
such as C. albicans need efficient mechanisms of iron uptake for survival and 
infection in the iron-limiting mammalian body fluids (Schaible and Kaufmann, 
2004). Studies in S. cerevisiae have shown that multiple pathways are involved in 
iron transport and homeostasis in this fungus, briefly including reductase-
independent siderophore-iron uptake system and reductase-dependent low and high 
affinity iron transport systems (Askwith et al., 1996; Kosman, 2003). Most genes 
involved in the high affinity iron transport in S. cerevisiae are activated when iron 
supply is limiting and repressed when iron supply is abundant. This regulation is 
achieved primarily at transcriptional level via a transcription factor Aft1p, which 
binds to conserved nucleotide motifs in the promoters of targeted genes and 
activates their transcriptions in an iron-dependent manner (Yamaguchi-Iwai et al., 
1995 and 1996). The expressions of these genes are basically absent in the aft1 null 
mutant, thus it cannot grow under iron-limiting conditions, which emphasizes the 
importance of AFT1 in the regulation of iron uptake and homeostasis in S. 
cerevisiae. 
Studies in C. albicans, a phylogenetically close relative of S. cerevisiae, 
suggest that similar iron uptake systems are used by this fungus. Genes homologous 
to the members of high-affinity iron transport systems in S. cerevisiae have been 
identified in C. albicans (Hammacott et al., 2000; Eck et al., 1999; Ramanan and 
Wang, 2000). However, the transcriptional regulation of iron transport genes in C. 
albicans is not well known. An interesting question is whether there is a functional 
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counterpart of AFT1 in C. albicans that executes the main control of iron transporter 
genes. To answer this question, I transformed a C. albicans genomic DNA library 
into aft1Δ mutant to isolate genes that could allow the mutant to grow under iron-
limiting conditions. In this chapter the unexpected discovery of a novel gene 
CaMNN5 in this screening is described. 
 
3.2 Isolation of CaMNN5 
  
Since a BLAST-search of C. albicans genome DNA database did not reveal 
any sequence homolog of AFT1, I conducted a genomic DNA screening to identify 
C. albicans genes that can functionally suppress the iron-dependent growth defect of 
S. cerevisiae aft1Δ mutant. I transformed a C. albicans genomic DNA library cloned 
in a 2μ vector (pRS426) into the aft1Δ mutant and screened for clones that could 
grow under iron-limiting conditions. The transformants were selected on GMM 
plates that had first been depleted of iron by mixing with 1 mM of the iron chelator 
ferrozine and then supplemented with 50 μM ferrous ammonium sulphate (FAS), a 
condition where only the wild-type but not the aft1Δ strain can grow (Yamaguchi-
Iwai et al., 1995). After up to one week of incubation at 30 oC, colonies were 
picked and grown for the recovery of the transforming plasmids and DNA sequence 
analysis of the inserts. The plasmids from 80% of the plasmids contained an 
identical ORF (open reading frame) of 1791 base pairs (bp) (Figure 3.1). In the C. 
albicans sequence database (http://www-sequence.stanford.edu/group/candida), this 
ORF (19.2347) is annotated as CaMNN5, a homolog of S. cerevisiae MNN5, which 
encodes a Golgi associated α-1,2-mannosyltransferase. CaMnn5p is approximately 
































Figure 3.1 Nucleotide and amino acid sequence of CaMNN5 
The nucleotide sequence and conceptual protein translation of CaMNN5 are shown. 
The N-terminal predicted transmembrane domain is underlined. The boxed regions 
are the putative iron binding motifs. The dash-boxed region is the motif conserved 
in mannosyltransferase families. The numbers on the right denote the nucleotide 
positions. 
 

















Figure 3.2 CaMNN5 enhances aft1Δ growth on iron-limiting media 
(A) CaMNN5 on a 2μ vector with its native promoter (aft1Δ:CaMNN5) suppressed 
the growth defect of aft1Δ on the iron-limiting GMM plate containing 1 mM 
ferrozine and 50 mM ferrous ammonium sulphate (FAS). The wild-type strain and 
the aft1Δ transformed with the empty vector (CRY2α:vector and aft1Δ:vector 
respectively) were included for comparison. The GMM plate without ferrozine is 
iron-sufficient. (B) The aft1Δ cells transformed with a CEN plasmid harboring 
CaMNN5 driven by the Gal1-10 promoter (aft1Δ:CaMNN5) grew on the iron-
limiting GaMM, but not on GMM plates. CRY2α and aft1Δ transformed with the 
empty plasmid were used as controls. Approximately 104, 103 and 102 cells of each 




To confirm that CaMNN5 is indeed responsible for suppressing the growth 
defect of aft1Δ in the iron-limiting conditions, the CaMNN5 ORF alone together 
with ~600 bp of its promoter region was cloned in the 2μ vector and transformed 
into aft1Δ. Fig. 3.2A shows that the ORF alone was able to allow aft1Δ to grow on 
the iron-limiting plate. The ORF was also cloned under the control of the Gal1-10 
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promoter in a centromeric (CEN) plasmid and this recombinant plasmid exhibited 
the same growth-promoting effect on aft1Δ on the iron-limiting GaMM plate where 
the ORF was expressed. In contrast, the transformants did not grow on the iron-
limiting GMM plate where the expression of the ORF was suppressed (Fig. 3.2B). 
The results confirmed that CaMNN5 is responsible for rescuing the growth defect of 
aft1Δ. When CaMNN5 with its own promoter was cloned in a CEN plasmid, it did 
not rescue the defects of aft1Δ. However, when driven by the FTR1 promoter (see 
Figure 3.7) or ADH1 promoter from the 2μ vector, it could effectively rescue the 
defects of aft1Δ. The results indicate that expression level of CaMNN5 is important 
for the observed growth-promoting function. 
Like other known Golgi mannosyltransferases, CaMnn5 protein contains a 
predicted transmembrane domain near the N-terminus (Fig. 3.1). Interestingly, it also 
contains three Lys-Glu-Xaa-Xaa-Glu motifs, Lys131-Glu-Tyr-Leu-Glu135, Lys229-Glu-
Phe-Cys-Glu233 and Lys587-Glu-Thr-Ala-Glu591 (referred to as motif I, II and III, see 
Fig 3.1). Arg/Lys/His-Glu-Xaa-Xaa-Glu motifs are present in diverse iron-binding 
proteins, such as mammalian ferritin light chain, fungal iron permeases and the 
bacterial iron sensor PmrB (Figure 3.3A). Evidence for direct interaction between 
these motifs and iron has been reported for amphibian ferritin light chain and 
Salmonella PmrB (Trikha et al., 1995; Wosten et al., 2000). Mutation of any one of 
the glutamate residues to alanine in a conserved Arg-Glu-Gly-Leu-Glu motif in 
Ftr1p and CaFtr1p completely abolishes the iron-uptake function of the protein 
(Stearman et al., 1996; Fang et al., 2002). S. cerevisiae Mnn2p and Mnn5p do not 
contain any such motifs. 
 
3.3 The Lys-Glu-Xaa-Xaa-Glu motifs of CaMnn5p are functional 
and required for the growth-promoting function 
 
Statistically, Lys-Glu-Xaa-Xaa-Glu motifs occur only once every 8000 amino 
acids. The presence of three such motifs in CaMnn5p suggests that they might have 
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a role in suppressing the iron-dependent growth defect of aft1Δ. To evaluate the 
importance of these motifs in CaMnn5p's activity, I first determined whether each of 
the motifs can functionally replace the essential putative iron-binding motif Arg157-
Glu-Gly-Leu-Glu161 of CaFtr1p (Ramanan and Wang, 2000). CaFTR1 was cloned in 
plasmid CIp10 and then the Arg157-Glu-Gly-Leu-Glu161 motif was replaced by each 
of the three Lys-Glu-Xaa-Xaa-Glu motifs of CaMnn5p, yielding three mutated genes 
Caftr1-I, II and III. The three constructs were transformed into Caftr1Δ, and 
transformants were grown on the iron-limiting plates. It was shown that all three 
constructs were able to rescue the growth defect of Caftr1Δ as effectively as the 
wild-type gene (Figure 3.3B).  
 Next I asked whether these motifs are required for CaMnn5p to rescue the 
growth defects of aft1Δ. I systematically introduced mutations into the Lys-Glu-Xaa-
Xaa-Glu motifs, individually or in combination, and tested each for its ability to 
promote aft1Δ growth under iron-limiting conditions. The first glutamate residue of 
each motif was mutated to alanine. Five mutated genes were generated. Camnn5-Imu, 
-IImu and -IIImu each had a single motif mutated, Camnn5-(I+II)mu had I and II 
mutated, and Camnn5-(I+II+III)mu had all three mutated. Each mutated gene was 
cloned in a CEN plasmid driven by the Gal1-10 promoter and transformed into 
aft1Δ. Figure 3.3(C) shows that the aft1Δ mutant expressing the CaMnn5p with a 
single motif mutated grew equally well as the one expressing the wild-type 
CaMnn5p on the iron-limiting plate. However, the aft1Δ mutants expressing the 
CaMnn5p with both I and II or all three motifs mutated exhibited retarded and no 
growth respectively. The results suggest that these three potential iron-binding sites 
in CaMnn5p may have a direct role in suppressing the growth defects of aft1Δ, 
although they appear to be functionally redundant. However, the possibility cannot 
be ruled out that the mutations may have caused a structural change of the protein, 
which led to the loss of its activity. 
 
 


























Figure 3.3 CaMnn5p contains three potential iron-binding Lys-Glu-Xaa-Xaa-
Glu motifs 
 
(A) The Lys-Glu-Xaa-Xaa-Glu motifs of CaMnn5p were aligned with some 
conserved motifs of several known iron-binding proteins: S. cerevisiae (Sc) Ftr1p 
(amino acids 157–161) and Fth1p (amino acids 242–246), C. albicans (Ca) Ftr1p 
(amino acids 157–161), Salmonella enterica (Se) PmrB (amino acids 38–42, 63–67), 
Escherichia coli (Ec) PmrB (amino acids 38–42, 60–64), Klebsiella pneumoniae (Kp) 
PmrB (amino acids 36–40, 62–66) and Yersinia pestis (Yp) PmrB (amino acids 29–
33, 54–58). (B) Each of the Lys-Glu-Xaa-Xaa-Glu motifs of CaMnn5p could 
functionally replace the Arg157-Glu-Gly-Leu-Glu161 motif of CaFtr1p. All strains 
were grown on iron-limiting GMM plates at 30 °C for 5 days. (C) The Lys-Glu-
Xaa-Xaa-Glu motifs of CaMnn5p were mutated by site-directed mutagenesis. Cells 
of each strain were spotted on to iron-limiting GMM and GaMM plates for 
incubation at 30 °C for 5 days. The table summarizes the ability of each mutated 
gene in promoting aft1Δ growth on the GaMM plates. None of the strains grew on 
the GMM plates. 
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3.4 CaMnn5p functions independent of the known high-affinity iron 
transporters of S. cerevisiae 
  
I next set out to investigate the mechanisms by which CaMNN5 promotes the 
growth of aft1Δ mutant. The most likely mechanism responsible for iron uptake 
under the iron-limiting conditions I used is the high-affinity iron transporter Fet3p–
Ftr1p. To determine whether CaMNN5 expression may increase the cellular level or 
activity of Fet3p–Ftr1p, I first used Northern blot analysis to examine FET3 and 
FTR1 expression, but did not detect any increase of the mRNA levels as a result of 
CaMNN5 expression. I then tested whether CaMNN5 can enhance the growth of 
mutants defective in the high-affinity iron transport systems, including ftr1Δ, ftr1Δ 
fet3Δ and ftr1Δ fth1Δ mutant. None of these mutants grew on the iron-limiting plates, 
whereas introducing CaMNN5 in these mutants enabled all of them to grow (Figure 
3.4A). Since there is no high-affinity iron permease in ftr1Δ fth1Δ, I conclude that 
the function of CaMnn5p in promoting aft1Δ growth in iron-limiting conditions is 
independent of the high-affinity iron transport systems. 
Since I consistently noted that the aft1Δ mutant expressing CaMNN5 grew 
better than the isogenic wild-type strain on the iron-limiting media used, next I 
tested whether CaMNN5 would allow the wild-type cells to grow under the iron-
limiting conditions where the high-affinity uptake system cannot function. Our 
laboratory established previously that there is little iron uptake into the cells in 
GMM containing 200 μM bathophenanthroline sulfonate (BPS), a strong ferrous 
chelator (Ramanan and Wang, 2000). Figure 3.4(B) shows that, under these 
conditions, the wild-type strain grew much more slowly than the strain expressing 
CaMNN5. The results indicate that the expression of CaMNN5 can enhance the 
growth of wild type S. cerevisiae cells under extremely low-iron conditions.  
 
 




















Figure 3.4 CaMNN5 promotes cell growth under iron-limiting conditions by a 
mechanism independent of the high-affinity iron transporters 
 
(A) CaMNN5 expression promoted the growth on iron-limiting plates of S. 
cerevisiae mutants deleted of high-affinity iron transporter genes, such as ftr1Δ, 
ftr1Δ fet3Δ and ftr1Δ fth1Δ. CaMNN5 was transformed into each mutant on the 
CEN plasmid driven by the Gal1-10 promoter. The cells were spotted onto iron-
limiting GaMM plates. (B) CaMNN5 promoted the growth of the wild-type strain 
under highly stringent iron-limiting conditions. The same plasmid expressing 
CaMNN5 described in (A) was transformed into CRY2α, and the transformants were 
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3.5 CaMnn5p has α-1,2-mannosyltransferase activity, which is not 
required for suppressing the growth defect of aft1Δ 
  
Since CaMnn5p shares the highest sequence homology of ~30% with two 
related proteins of S. cerevisiae, Mnn2p and Mnn5p, each functioning as a Golgi 
resident α-1, 2-mannosyltransferase, I next examined whether CaMnn5p has α-1,2-
mannosyltransferase activity. I used the P. pastoris expression system to produce 
soluble secreted protein. The region of CaMNN5 encoding amino acids 28–597 was 
cloned in an expression vector (pPIC9) in-frame with the α-factor secretion signal 
peptide sequence. The construct was linearized at a unique Stu I site and 
transformed into P. pastoris strain KM71 (his4 MutS), where CaMNN5 was 
integrated behind the AOX1 promoter through homologous recombination. A copy of 
the empty vector was also transformed into P. pastoris for the negative control. 
CaMNN5 expression was induced for 24 h, and a single protein band of CaMnn5p 
was detected from 20 μl of the culture supernatant by SDS/PAGE, whereas no 
protein band was detected from the negative control supernatant (Figure 3.5A).  
Aliquots of 10 μl (approximately 0.1 mg of CaMnn5p) of the supernatants 
were assayed directly for α-1,2-mannosyltransferase activity. This assay detects the 
transfer of 14C-labelled GDP–mannose to an acceptor 6-O-α-D-mannopyranosyl-D-
mannopyranose, which is specifically catalyzed by α-1,2-mannosyltransferases 
(Rayner et al., 1998; Wiggins et al., 1998). For control, 0.1 mg of BSA was added 
to the negative control supernatant. Figure 3.5B shows that the control supernatant 
produced a background 14C count of approximately 5×106 cpm/mg of protein per 
hour, while the supernatant of the CaMnn5p-expressing strain resulted in a count of 
approximately 1.5×108 cpm/mg of protein per hour, 30 times that of the control. The 
results confirm that CaMnn5p has α-1,2-mannosyltransferase activity. Two 
transferase-dead forms of the enzyme exhibited only a background level of 14C 
counts (see below, and Figures 3.5A and 3.5B).  
 




















Figure 3.5 Mannosyltransferase activity of CaMnn5p is not required for 
promoting cell growth 
 
(A) CaMnn5p and two mutant forms were expressed in P. pastoris. Aliquots of 20 μl of culture supernatant from each of the strains expressing CaMnn5p, CaMnn5p 
(D282A) or CaMnn5p (D284A) [see below for the description of the mutants in (C)] 
were examined by SDS/10% PAGE. The gel was stained with Coomassie Blue. (B) 
The supernatants from the same cultures described in (A) were assayed directly for 
mannosyltransferase activity. The assay was conducted three times for each sample 
and results are means±one standard deviation. The results are expressed as 
activity/mg of protein per hour. Protein concentration was determined by the 
Bradford assay. (C) Amino acid sequence alignment of a segment of the catalytic 
region of three α-1,2-mannosyltransferases, S. cerevisiae Mnn2p and Mnn5p and C. 
albicans CaMnn5p. The arrows indicate two essential aspartate residues. (D) 
Expression of MNN2 and MNN5 did not promote the growth of aft1Δ on the iron-
limiting plates. CaMNN5, MNN2 and MNN5 were cloned on the same CEN plasmid 
driven by the Gal1-10 promoter. Each was transformed into aft1Δ, and the 
transformants were spotted onto iron-limiting GaMM plates. (E) HA-tagged 
CaMNN5, MNN5 and MNN2 were transformed into aft1Δ. The transformants were 
grown in liquid GaMM before total protein was extracted for Western blot analysis. 
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 Next I examined whether the mannosyltransferase activity is required for 
CaMnn5p to suppress the growth defects of aft1Δ. It is well-established that 
mannosyltransferases contain a conserved Asp-Xaa-Asp motif in the catalytic 
domain, and the mutation of either one of the aspartate residues completely 
inactivates the enzyme (Wiggins et al., 1998). In CaMnn5p, this motif (amino acids 
282–284) is present in a highly conserved region (Fig 3.1 and 3.5C). I substituted an 
alanine residue for the first or the second aspartate (D282A or D284A) and 
transformed the mutated genes into aft1Δ under the control of Gal1-10 promoter. I 
found that both mutated forms could still suppress the defects of aft1Δ. When 
expressed from P. pastoris, the mutant CaMnn5ps did not exhibit any detectable 
enzymatic activity  (Figures 3.5A and 3.5B). The results indicate that the 
mannosyltransferase activity of CaMnn5p is not required for the promotion of cell 
growth under iron-limiting conditions. 
I next asked whether S. cerevisiae MNN5 and MNN2 are able to rescue the 
growth defect of aft1Δ when similarly expressed. I found that under the control of 
the Gal1-10 promoter, neither MNN5 nor MNN2 could enhance aft1Δ growth on the 
iron-limiting plates (Figure 3.5D). To ensure that the proteins were expressed to 
similar levels in the transformants, I constructed a new set of constructs by adding a 
HA tag to the C-terminus of CaMnn5p, Mnn2p and Mnn5p. Again, only the 
construct expressing CaMnn5p–HA rescued the defects of aft1Δ. Western blot 
analysis showed comparable levels of expression for all three proteins (Figure 3.5E). 
These results suggest further that it is not the mannosyltransferase activity, but some 
novel activity unique to CaMnn5p, that is responsible for promoting cell growth 
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3.6 CaMnn5p enhances a slow process of iron uptake 
 
To elucidate the mechanism by which CaMnn5p enhance the growth of S. 
cerevisiae cells under low-iron conditions, I tested whether CaMnn5p can enhance 
iron uptake. I compared the iron uptake rates in the wild-type, aft1Δ and aft1Δ 
mutant expressing CaMNN5 driven by the Gal1-10 promoter. Iron uptake was first 
assayed in GaMM containing 2 μM 59Fe for 30 min. Figure 3.6A shows that aft1Δ 
and the aft1Δ mutant expressing CaMNN5 exhibited a similar low 59Fe-uptake rate 
of less than 3 fmol/106 cells per min. In comparison, the wild-type exhibited an 
uptake rate of approximately 150 fmol/106 cells per min, which is largely due to the 
activity of Ftr1p-Fet3p. This experiment shows that, under these conditions, 
CaMnn5p did not result in any significant increase in iron uptake.  
Then I tested whether CaMnn5p might contribute to a less efficient iron-
uptake process. Considering that the basal level of Ftr1p–Fet3p activity in aft1Δ 
might mask the low activity of CaMnn5p in iron uptake, I added 200 μM BPS to 
the assay medium and repeated the assay over an extended period of time. Under 
these conditions, the high-affinity iron uptake was blocked as shown by the 
drastically reduced iron uptake into the wild-type (Figure 3.6B). The amounts of 
59Fe accumulated in the CaMNN5-expressing aft1Δ cells at 4 and 16 h were 
approximately 9 and 24 fmol/106 cells respectively, which are ~3.2 and 3.1 times 
those detected in the aft1Δ cells at the same time points. A similar increase of iron 
uptake was also detected in the ftr1Δ and CRY2α strains expressing CaMNN5 
(Figure 3.6C). The results demonstrate that CaMnn5p may enhance iron uptake by a 

























Figure 3.6 CaMnn5p enhances a slow process of iron uptake 
 
(A) Strains CRY2α:vector, aft1Δ:vector and aft1Δ:CaMNN5 driven by the Gal1-10 
promoter were first grown in GaMM to exponential phase. Then the same number 
of cells of each strain was assayed for iron uptake in the same medium 
supplemented with 2 μM 59Fe for 30 min. 59Fe uptake was determined by 
scintillation counting and expressed as fmol/106 cells per min. (B) The same strains 
used in (A) were incubated in GaMM containing 200 μM BPS and 2 μM 59Fe for 1, 
4 and 16 h. The iron uptake is expressed as the total amount of 59Fe accumulated in 
106 cells at the end of incubation. (C) Strains CRY2α and ftr1Δ transformed with 
CaMNN5 driven by the Gal1-10 promoter or the empty vector were incubated in 
GaMM containing 200 μM BPS and 2 μM 59Fe for 0.5, 2 and 8 hour. Each assay 
was repeated three times. 
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3.7 The enhancement of cell growth by CaMNN5 depends on 
endocytosis 
 
A significant fraction of vacuolar iron was brought in via endocytosis in S. 
cerevisiae (Raguzzi et al., 1988). The end4Δ mutant, which is defective in both 
receptor-mediated and fluid-phase endocytosis, accumulated much less vacuolar iron 
than the wild-type (Raguzzi et al., 1988). I next asked whether CaMnn5p function 
might be dependent on endocytosis. I expressed CaMNN5 in end4Δ under the 
control of the FTR1 promoter, which is activated by iron shortage (Stearman et al., 
1996), to see whether CaMNN5 can promote end4Δ growth in iron-limiting media. 
As shown in Figure 3.7A, while CaMNN5 markedly enhanced the growth of the 
wild-type strain on the medium containing 200 μM BPS, it had no such effect on 
end4Δ. The results indicate that CaMnn5p's function is End4p- or possibly 
endocytosis-dependent. VPS4 encodes an AAA-type ATPase, which is required for 
efficient transport out of the pre-vacuolar endosome, a late step of endocytosis 
(Babst et al, 1997). vps4 mutants are impaired in the transport of endocytosed 
fluorescent dyes, plasma membrane receptors and ligands from early to late 
endosomes (Zahn et al, 2001). I found that CaMNN5 expression in vps4Δ also failed 
to enhance cell growth (Figure 3.7A). Together, the results show that the intact 
endocytosis pathway is essential for CaMnn5p function. 
Iron acquired through endocytosis is likely to reach the vacuole before being 
exported to the cytosol for cell use. I thought that if CaMnn5p's function is 
endocytosis-dependent, it may not be able to enhance the growth of mutants blocked 
in the vacuole–cytosol iron transport. The Fet5p–Fth1p complex and Smf3p are 
known to be responsible for iron export from the vacuoles (Urbanowski and Piper, 
1999; Portnoy et al., 2000). I created smf3Δ, fth1Δ and smf3Δ fth1Δ mutants to 
determine whether CaMNN5 expression can enhance their growth on iron-limiting 
plates. As shown in Figure 3.7B, CaMNN5 expression in the wild-type, smf3Δ and 
fth1Δ strains enhanced cell growth to a similar extent, but had no such effect on 
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smf3Δ fth1Δ. All of the strains grew equally well on iron-sufficient plates. Together, 
the results support the view that CaMnn5p may function along the endocytic 
pathway. I also examined 59Fe uptake into the CaMNN5-expressing end4Δ and 
smf3Δ fth1Δ strains and found that it enhanced 59Fe uptake into smf3Δ fth1Δ to the 
same extent as it did to the wild-type, aft1Δ and ftr1Δ strains (Figure 3.7C). 
However, it did not increase iron uptake into end4Δ. The results indicate that END4-
deletion blocked the endocytosis-mediated iron uptake, while deletion of SMF3 and 
FTH1 impaired iron export from the vacuole without any detectable effect on iron 
uptake into the cell. 
To address the possibility that the CaMnn5p-dependent iron uptake may be a 
result of increased liquid-phase endocytosis, I used Lucifer yellow (LY) as a marker 
for fluid-phase endocytosis. I found that, while end4Δ showed much less cellular LY 
accumulation than the wild-type, CaMNN5 expression did not cause any detectable 
increase in LY uptake in the wild-type or end4Δ cells (Figure 3.7D), indicating that 
CaMNN5 does not enhance the overall fluid-phase endocytosis. 
To assess the possibility that CaMnn5p may be involved in iron binding, I 
expressed HA-tagged CaMnn5p in aft1Δ and examined whether iron can be co-
immunoprecipitated with CaMnn5p-HA. A strain of aft1Δ expressing S. cerevisiae 
Mnn5p-HA was included for comparison. The strains were grown in the presence of 
5 μM 55Fe for 12 h before immunoprecipitation of the HA-tagged proteins for 
radioactivity counting. Figure 3.7E shows that, while the cellular iron uptake and 
expression levels of the HA-tagged proteins are similar in the two strains, the 
amount of 55Fe co-immunoprecipitated with CaMnn5p–HA was approximately 8 
times that co-immunoprecipitated with Mnn5p-HA, suggesting that CaMnn5p may 







































Figure 3.7 CaMnn5p-mediated iron uptake in mutants defective of the 
endocytic pathway 
 
(A) CRY2α, end4Δ and vps4Δ mutants were transformed with a 2μ plasmid carrying 
CaMNN5 under the control of FTR1 promoter or with the empty plasmid. The cells 
were spotted onto GMM plates containing no chelator or 200 μM BPS and 
incubated at 25 °C for 7 days. (B) CRY2α, fth1Δ, smf3Δ and fth1Δ smf3Δ strains 
were transformed with the same plasmids described in (A) and grown on GMM 
plates containing 200 μM BPS at 30 °C for 5 days. (C) 59Fe uptake assay was 
performed in GMM containing 200 μM BPS and 2 μM 59Fe for 30 and 120 min. 
The total amount of 59Fe accumulated at the end of incubation is shown. The 
amount of 59Fe associated with the cells kept on ice was subtracted. (D) LY uptake 
into CRY2α or end4Δ cells transformed with CaMNN5 or vector alone. There was 
no detectable LY uptake when the cells were kept on ice. The levels of cellular LY 
are expressed as μg of LY/mg of protein. (E) Co-immunoprecipitation of 55Fe with 
CaMnn5p-HA and Mnn5p–HA. The left panel shows the amount of cellular 55Fe 
accumulation as counts per minute (cpm) per gram of cell pellet, and the inset 
shows the expression levels of the two HA-tagged proteins determined by Western 
blot analysis. The right panel shows the amount of 55Fe co-immunoprecipitated with 
CaMnn5p-HA and Mnn5p-HA. The HA-tagged protein was precipitated by mixing 
cell lysate with anti-HA antibody-coated agarose beads (open bars) or with naked 
agarose beads (closed bars). All assays were repeated three times. 




















Figure 3.8 Subcellular localization of CaMnn5p 
 
(A) CaMnn5p was tagged with HA at the C-terminal end and expressed from a CEN 
plasmid under the control of the Gal1-10 promoter. (B) Indirect immunofluorescence 
staining of the CaMnn5p-HA-expressing cells. a, anti-HA antibody was used as the 
primary antibody; b, the primary antibody was omitted. (C) The subcellular 
localization of CaMnn5p-HA was determined by using sucrose gradient fractionation 
and Western blot analysis. The fractionation patterns of Mnn2p and Pep12p were 




3.8 Subcellular localization of CaMnn5p in S. cerevisiae 
 
Next I examined the subcellular localization of HA-tagged CaMnn5p in 
aft1Δ. The HA-tagged protein is fully functional in promoting cell growth (Figure 
3.8A). Indirect immunofluorescence microscopy revealed that CaMnn5p-HA 
localized to some intracellular vesicles with a punctate staining pattern (Figure 3.8B). 
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On sucrose gradients, the CaMnn5p-HA-containing organelles demonstrated a 
distribution pattern similar to that of Pep12p (Figure 3.8C), which is involved in 
Golgi–vacuole transport and localizes to the Golgi apparatus and endosome 
(Becherer et al., 1996). Although this experiment does not have a resolution to 
pinpoint the exact organelles for CaMnn5p, the results are consistent with our 




In S. cerevisiae the transcription factor Aft1p plays a central role in 
regulating many genes involved in iron acquisition and utilization. aft1Δ mutant 
exhibits severely retarded growth under iron starvation. To identify the functional 
counterpart of AFT1 in C. albicans, I performed a genetic screen and isolated 
CaMNN5, whose expression could allow the aft1Δ mutant to grow under iron-
limiting conditions. CaMnn5p is an α-1,2-mannosyltransferease, but its growth-
promoting function under iron-limiting conditions does not require this enzymatic 
activity. Its function is also independent of the high-affinity iron transport systems 
mediated by Ftr1p and Fth1p. Evidence suggest that CaMnn5p may function along 
the endocytic pathway, because it cannot promote the growth of end4Δ and vps4Δ 
mutants where the endocytic pathway is blocked at an early and late step 
respectively. Neither can it promote the growth of fth1Δ smf3Δ mutant, where the 
vacuole-cytosol iron transport is blocked. Expression of CaMNN5 in S. cerevisiae 
enhances an endocytosis-dependent mechanism of iron uptake without increasing the 
uptake of Lucifer yellow, a commonly used marker of liquid-phase endocytosis. 
CaMnn5p contains three putative Lys-Glu-Xaa-Xaa-Glu iron-binding sites and co-
immunoprecipitates with 55Fe. Based on these results, I propose that CaMnn5p 
promotes iron uptake and usage along the endocytosis pathway under iron-limiting 
conditions, a novel function that might have evolved in C. albicans. 
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The cell wall of microbial pathogens mediates physical interaction with host 
cells and hence plays a key role in infection. The general structure of fungal cell 
wall is conserved, containing an inner layer of structural polysaccharides, glucans 
and chitin, and an outer layer enriched for mannoproteins (Klis et al., 2001). The 
glycosylation of cell wall mannoproteins are catalyzed by groups of 
mannosyltransferases, which have been shown to determine the cell wall properties 
and virulence of the pathogenic fungus C. albicans (Casanova et al., 1992; 
Sundstrom, 1999; Buurman et al., 1998; Timpel et al., 2000). In the previous 
chapter, I described the isolation of a C. albicans α-1,2-mannosyltransferase gene 
CaMNN5 and its novel ability to enhance iron usage in S. cerevisiae. Expression of 
CaMNN5 can enhance the iron uptake and thus the growth under the iron-limiting 
conditions of both the aft1Δ mutant and wild type S. cerevisiae cells in an 
endocytosis-dependent manner. CaMnn5p shares the highest sequence homology to 
two S. cerevisiae α-1,2-mannosyltransferases, Mnn5p and Mnn2p. In the budding 
yeast Mnn2p and Mnn5p are responsible for the branching and extension of the side 
chains of N-linked mannan oligomers respectively. They are all type II proteins, 
sharing an aspartate-containing motif “Asp-Xaa-Asp” that is found to be conserved 
in many families of glycosyltransferase and essential for the enzyme activity 
(Wiggins, 1998). In S. cerevisiae, glycoproteins arriving in the Golgi from the ER 
have N-linked Man8GlcNAc2 structures to which Och1p adds a single α-1,6-linked 
mannose (Nakayama et al., 1992). Then Mnn9p protein complexes synthesize the α-
1,6-linked mannose polymer (Yip et al., 1994). The backbone is then branched with 
α-1,2-linked mannoses by Mnn2p, and these are then extended by Mnn5p with more 
α-1,2-linked mannoses (Rayner and Munro, 1998). After this, the chains are 
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terminated by an α-1, 3-linked mannose added by Mnn1p (Yip et al., 1994), and 
finally phosphomannose is added by Mnn6p (Wang et al., 1997). Deletions in 
MNN2 or MNN5 result in cells with shortened α-1,2-linked mannose branches, 
deficiency to be agglutinated by α-1,3- mannose antiserum, and failure to bind 
Alcian blue dye (Cohen, 1980). Heterologous expression in S. cerevisiae revealed 
that CaMnn5p could enhance iron uptake and co-precipitate with 55Fe, an activity 
not found in S. cerevisiae Mnn5p and Mnn2p. Here these intriguing features of 






























Figure 4.1 The expression of CaMNN5 is iron-independent 
 
(A) Wild type strain SC5314 was grown in GMM plus 100 μM BPS (low iron) or 
GMM plus 1mM FAS (high iron), before total RNA was extracted. Northern blot 
was carried out using the coding regions of CaMNN5 as probe. CaACT1 probe was 
used as a loading control. (B) The antibody against CaMnn5p was raised and 
purified as described under “Materials and Methods”. Different strains and growth 
conditions were indicated above each lane. Total protein was extracted and 
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4.2 Expression of CaMNN5 in Candida albicans  
 
 
Since CaMNN5 expression can rescue the iron-acquisition defects of S. 
cerevisiae ftr1Δ mutant, I first wanted to determine whether CaMNN5 
overexpression will do the same to C. albicans Caftr1Δ mutant. I used several 
relatively strong promoters, such as Gal1-10, ADH1 and MET3 promoters, to drive 
CaMNN5 expression either as single copy integrated at the RP10 locus or on a 
multiple copy plasmid (pABSK1), but none of these constructs were able to alleviate 
the growth deficiency of Caftr1Δ in iron-limiting conditions. Then we examined 
whether CaMNN5 expression in C. albicans cells is regulated by iron and found that 
neither the mRNA nor the protein level of CaMNN5 was affected by iron 
concentrations (Fig. 4.1).  
 
 
4.3 CaMNN5 can complement S. cerevisiae mnn5Δ mutant, but not 
mnn2Δ mutant 
 
Since CaMnn5p shares high sequence homology with two S. cerevisiae 
mannosyltransferases, Mnn2p and Mnn5p, we wanted to know whether CaMNN5 
can functionally complement S. cerevisiae mnn2Δ (ScWYBC8) or mnn5Δ 
(ScWYBC9) mutants. Mannosylphosphorylation of proteins add negative charges to 
cell surface, which enhances cell’s binding of the cationic dye Alcian blue under 
acidic conditions (Odani et al., 1997). Both mnn2Δ and mnn5Δ strains showed the 
loss of Alcian blue binding because of the failure in forming or extending the 
mannan branches where mannophosphorylation normally occurs (Fig. 4.2) and 
(Rayner and Munro, 1998). When a copy of CaMNN5 driven by the ADH1 promoter 
in a 2μ plasmid was transformed into the two mutants, Alcian blue binding was 
significantly improved in mnn5Δ but not in mnn2Δ cells, suggesting that CaMNN5 
may be the counterpart of S. cerevisiae MNN5 and provide similar functions in C. 
albicans. 
 




























Figure 4.2 CaMNN5 restores Alcian blue binding in S. cerevisiae mnn5Δ mutant.  
 
The assay was done as described in Chapter 2. The amount of Alcian blue bound to 







4.4 α-1,2-mannosyltransferase activity of CaMnn5p 
 
 
4.4.1 Expression and purification of CaMnn5p 
 
 
To analyze the enzymatic activity of CaMnn5p, we used the Pichia pastoris 
expression system to produce soluble, secreted protein. Figure 4.3A (lane 2) shows 
that after 24-h induction with methanol the major product in the culture supernatant 
was a 64 kD protein matching the predicted size of CaMnn5p. No protein band was 
detected in the culture supernatant from the P. pastoris strain transformed with the 
empty vector (Fig. 4.3A, lane 3). To purify the protein, the supernatant was 
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subjected to fast-performance liquid chromatography (FPLC) using an anion 



























Figure 4.3 Expression, purification and enzyme activity of CaMnn5p.  
 
(A) SDS-PAGE (top) and Western blot analysis (bottom) of CaMnn5p expressed in 
P. pastoris. CaMnn5p expression in P. pastoris and FPLC purification of CaMnn5p 
were carried out as described in Chapter 2. Lane 1, molecular weight markers; lane 
2, 20 μl of the culture supernatant of the P. pastoris strain expressing CaMnn5p; 
lane 3, 20 μl of the supernatant of the P. pastoris strain transformed with an empty 
vector; lane 4, FPLC-purified CaMnn5p. The Western blot was probed by using 
anti-CaMnn5p antibody as primary antibody. (B) Mannosyltransferase assay (top) of 
CaMnn5p. The assay was performed at pH 6.0 as described in Experimental 
procedures. [14C] GDP-mannose was used as mannose donor and α-1,2- or α-1,6-
mannobiose as acceptors. Purified CaMnn5p (8 μg) was used in each reaction and 
the same amount of bovine serum albumin was used as negative control. The 
radioactive product was isolated for quantification in a scintillation counter and 
expressed as cpm (counts per minute)/mg of protein/h. The pH dependence of the 
CaMnn5p activity (bottom) was evaluated using the same protocol except in reaction 
buffers of different pH. The same pattern was obtained using either α-1,2- or α-1,6-
mannobiose as acceptors. All the assays were done three times and the standard 
deviation is shown.  
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Western blot analysis was performed to locate the fractions that contained CaMnn5p. 
The purified protein (Fig. 4.3A, lane 4) was subjected to mannosyltransferase 
activity assay. Fig. 4.3B (top) shows that the purified protein catalyzed the transfer 
of [14C]-GDP-mannose to both α-D-1,6- and α-D-1,2-mannobiose acceptor with a 
similar activity.  
 
4.4.2 Optimum pH for CaMnn5p mannosyltransferase activity 
 
 The effect of pH on the transferase activity was studied over the pH range of 
3-10. It was found that the CaMnn5p exhibited double peaks of activity at both pH 
6.0 and pH 9.0 in 20 mM phosphate buffers (Fig. 4.3B, bottom). 
 
4.4.3 CaMnn5p requires Mn2+ and Fe2+ for its enzyme activity 
 
Several Golgi mannosyltranserases are known to require Mn2+ for activity 
(Rayner and Munro, 1998; Kaufman et al., 1994; Wiggins and Munro, 1998). To 
test the metal ion requirement of CaMnn5p, the transferase activity was assayed in 
buffers supplemented with various divalent metal ions and chelators. We used the 
purified CaMnn5p as the enzyme source and α-1,2-mannobiose as the acceptor for 
[14C]-GDP-mannose. First, a metal ion such as Mn2+, Fe2+, Mg2+, or Cu2+ was added 
to the reaction buffer to a final concentration of 10 mM.  Fig. 4.4A shows that 
when added alone, the only divalent metal ion supporting high enzyme activity was 
Mn2+, while all the other ions tested had little effect, indicating that Mn2+ is 
specifically required for the enzyme activity. Since iron was previously found to 
bind to CaMnn5p (Chapter 3.7), we tested whether it is required for the enzymatic 
activity in the presence of Mn2+. Adding different amounts of the iron chelator 
bathophenanthroline sulfate (BPS) to the reaction buffer was found to inhibit the 
enzyme activity in a concentration-dependent manner (Fig. 4.4B). In the presence of 
0.1, 0.2 and 0.4 μM BPS the enzymatic activity was lowered to 50, 30 and 18% of 
the non-chelated control respectively, suggesting that iron is required for the 
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mannosyltransferase activity of CaMnn5p. This observation was further substantiated 
by the restoration of the enzymatic activity when Fe2+ was added to the buffer 
containing 0.4 μM BPS. Adding Fe2+ to the reaction buffer without BPS slightly 
enhanced the enzyme activity when the concentration of the added iron was within 2 
to 10 μM, suggesting that the reaction mix initially contained sufficient iron. The 
ferric iron chelator ferrichrome (FC) had no effect on CaMnn5p activity, suggesting 
that ferrous but not ferric iron is required. Adding other metal ions such as Cu2+, 
Mn2+, Mg2+ did not relieve the inhibition by BPS. Depleting Cu2+ by adding the 
chelator 2,9-dimethyl-4,7-diphenyl-1,10-phenanthrolinedisulphonic acid (BCS) also 
had no effect on the enzyme activity. Taken together, the results indicate that 
although manganese is the essential cofactor, ferrous iron may regulate the 
mannosyltransferase activity of CaMnn5p, consistent with its iron-binding ability 













Figure 4.4 The enzyme activity of CaMnn5p requires Mn2+ and Fe2+ 
(A) Test of metal ion requirement for CaMnn5p’s enzymatic activity. The same 
assay protocol was used except that the reaction buffer (pH 6.0) contained 10 mM 
of one of the divalent metal ions as indicated. (B) Ferrous iron regulates CaMnn5p 
activity in the presence of Mn2+. The assay buffer (pH 6.0) contained 10 mM Mn2+ 
and supplemented with different amounts of BPS and Fe2+ as indicated at the bottom 
of the graph. 
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4.5 Construction of CaMNN5 deletion mutant 
 
 
To investigate CaMNN5’s cellular functions in C. albicans, I tried to make a 
Camnn5 null mutant strain. Since C. albicans is constitutively diploid, I used two 
different gene deletion cassettes hisG-URA3-hisG (hUh) and cat-URA3-cat (cUc) to 
sequentially delete the first and second copy of CaMNN5 from the strain CAI4 (Fig. 
4.5A). Figure 4.5B shows the strategy for reintroducing a wild-type CaMNN5 copy 
into the mutants by recombination at the hisG locus. A plasmid was constructed 
containing CaMNN5 coding region with ~1500-bp 5'- and 600-bp 3'-untranslated 
region and hisG sequence. A Stu I site was introduced into hisG by site-directed 
mutagenesis. This plasmid was linearized by Stu I and transformed into Camnn5Δ 
mutant for site-specific integration at the genomic locus where hisG has replaced 
CaMNN5. The genotypes of the heterozygous and homozygous mutants were 
verified by Southern blot analysis (Fig. 4.5C). 
 
4.6 Deletion of CaMNN5 results in an up-regulation of CaFTR1 
 
I determined the growth rate of the Camnn5Δ mutant over a wide range of 
iron concentrations, but did not observe significant differences in comparison with 
the wild-type strain. Furthermore, Camnn5Δ mutant did not exhibit reduced 59Fe 
uptake. Since changes in intracellular iron homeostasis are known to affect CaFTR1 
expression, I used Northern blot to compare CaFTR1 mRNA level in the wild-type 
and Camnn5Δ strains and found that when grown in the iron-limiting medium 
(GMM plus 100 μM BPS), CaFTR1 mRNA level was consistently higher in 
Camnn5Δ than in the wild-type (Fig. 4.6); calculating the band intensity ratio 
between CaFTR1 and CaACT1 mRNA signals showed a ~60% increase in the 
mutant. This observation suggests that deletion of CaMNN5 may have some effect 
on intracellular iron homeostasis which results in increased CaFTR1 transcription.  
 
 


















































Figure 4.5 Chromosomal deletion of CaMNN5.  
 
(A) A schematic description of the strategy for knocking-out (KO) the first and 
second copies of CaMNN5. The first base of the start codon ATG is designated as 
nucleotide (nt) 1. The restriction sites of Hind III and Spe I are shown for the 
Southern blotting analysis below. (B) Strategy for re-introducing a copy of wild-type 
CaMNN5 into the KO mutants. (C) Southern blotting confirmation of CaMNN5 gene 
deletion and re-integration. Genomic DNA samples were digested with Hind III and 
Spe I. The region corresponding to nt –236 to –644 of the CaMNN5 promoter region 
was PCR-amplified and labeled by 32P as probe.  





























Figure 4.6 Enhanced expression of CaFTR1 in Camnn5Δ strains 
 
Two independent clones of the wild-type (SC5314) and Camnn5Δ strains were 
grown in iron-limiting medium (GMM + 100 μM BPS) to exponential phase before 
total RNA was extracted. The coding regions of CaFTR1 and CaACT1 were PCR-
amplified and 32P-labeled as probe. The bands according to CaFTR1 and CaACT1 








4.7 Camnn5Δ showed significantly reduced mannosylphosphate 
content 
 
Next I used the Alcian blue binding assay to determine the cell surface 
mannosylphosphate content in Camnn5Δ. The assay revealed significantly less 
binding of the dye to Camnn5Δ than to the wild-type cells (Fig. 4.7). Interestingly, 
the levels of Alcian blue binding to both strains were reduced with the increase of 
iron concentration in the growth medium; and importantly, the reduction was more 
dramatic in the wild type strain especially when iron concentration in the growth 
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medium was increased above 0.5 mM. Taken together, the results show that the 
amount of cell surface mannosylphosphate is significantly reduced in Camnn5Δ, 
indicative of blocked synthesis of the mannan branches. The iron-dependent effect 
of CaMNN5 deletion on Alcian blue binding appears to be consistent with the 


















Figure 4.7 Alcian blue binding assay.  
 
Wild type and Camnn5Δ strains were grown to mid-log phase in GMM containing 
various concentrations of ferrous iron. Alcian blue binding assay was conducted as 
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4.8 Camnn5Δ exhibits markedly reduced sensitivity to lactoferrin 
 
Lactoferrin (LF) is a mammalian iron-binding protein abundantly present in 
saliva, milk and other exocrine secretions. It constitutes an important part of the 
innate immunity, partly because its strong iron-chelating activity effectively removes 
free iron from environment that is needed for the growth of nearly all 
microorganisms (Sanchez et al., 1992). Particularly, LF and some LF-derived 
peptides are known to inhibit the growth of C. albicans in certain cultural conditions 
(Kuipers et al., 1999; Wakabayashi et al., 1996). In our laboratory we routinely test 
C. albicans mutants defective in iron metabolism for their sensitivity to LF. An 
established protocol (Soukka et al., 1992) involves the treatment of C. albicans cells 
with 10 μg LF in 1 ml 0.05 mM KCl for 75 minutes at 37 °C before scoring the 
colony forming units (CFU) on iron-sufficient plates. A mock treatment of each 
strain without adding LF was done in parallel as control. Figure 4.8 shows that if 
the cells were pre-grown in GMM medium ~5% of the wild-type cells survived this 
LF treatment, whereas if pre-grown in iron-depleting media ~20% of the wild-type 
cells survived. The observation suggests that the level of cellular iron is a 
determinant of the cell’s sensitivity to LF. Strikingly, Camnn5Δ mutant exhibited 
markedly reduced LF sensitivity. Approximately 33% of the cells pre-grown in the 
GMM and 50% of those pre-grown in the iron-limiting medium survived the LF 
treatment. The results reveal that CaMnn5p has a role in determining the sensitivity 
to LF, which depends on cellular iron homeostasis.  
I have shown in Chapter 3 that the mutation of either one of the aspartic acid 
(D) residues to alanine (A) in the conserved DXD282-284 motif of CaMnn5p totally 
abolished the mannosyltransferase activity. Re-introducing a mutated Camnn5 gene 
(Camnn5D282A or Camnn5D284A) into Camnn5Δ did not restore cell’s sensitivity to LF 
(Fig. 4.8), indicating that the mannosyltransferase activity is required for the 
CaMNN5-mediated LF killing of C. albicans. For comparison, re-introducing a wild-
type copy of CaMNN5 into Camnn5Δ restored LF sensitivity. 




















Figure 4.8 Lactoferrin sensitivity assay.  
 
Each strain tested was grown in iron-sufficient (GMM) or iron-limiting medium 
(GMM + 100 μM BPS) to mid-log phase before treatment with 100 μg LF in 1 ml 
0.05 mM KCI (pH 7.0). The cells were incubated in a shaking water bath at 37 °C 
for 75 min. Cells in the KCl buffer without LF was included as control. The number 
of viable cells was enumerated by plating the LF-treated cells on YPD plates and 
counting the colony-forming units (CFU) after 2-day incubation at 30 °C. LF 
sensitivity is presented as the CFU of the LF-treated cells as a percentage of the 
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4.9 CaMNN5 has a role in both N-linked and O-linked glycosylation 
 
S. cerevisiae mnn5Δ mutant has defects in N-linked glycosylation. Our 
observation of the decreased Alcian blue binding to the Camnn5Δ cells is consistent 
with a similar defect. To determine whether Camnn5Δ mutant also has defects in O-
glycosylation, I grew cells in the presence of [2-3H] mannose to label the mannose 
units of glycosylated proteins. The O-linked mannans were released by β-elimination 
and resolved by thin-layer chromatography (TLC). The condition used was 
previously shown to completely release O-glycans from mannoproteins (Haselbeck 
and Tanner, 1983). The autoradiograph of the TLC plate (Fig. 4.9A) displays 5 
major 3H-labeled molecules containing one to five mannose residues (M1 to M5) as 
previously shown by Herrero et al. (2002). When the amount of each 3H-labeled 
species was compared between the wild-type and Camnn5Δ mutant, we found that 
Camnn5Δ showed a markedly higher level of M1 and less M2, M3 and M5 than the 
wild type, suggesting impaired ability of the mutant to extend the O-linked mannan 
chains. The area on the TLC plate corresponding to each radioactive spot was cut 
out and subjected to quantification by scintillation counting of 3H (Fig. 4.9B). M1 
was found to represent 16.6% of the total 3H count of all five species (M1 to M5) in 
the wild-type strain, whereas the percentage increased to 46.6% in the mutant, 
showing that a large fraction of the first O-linked mannose residue cannot be further 
extended in the absence of CaMNN5. The radioactive signal at the origin of sample-
loading represents N-glycans which are resistant to β-elimination and remain 
attached to the proteins. Quantification of the N-glycans at the origin showed a 50% 
reduction in Camnn5Δ in comparison with the wild-type strain. These results 

























Figure 4.9 β–elimination of O-glycans.  
 
(A) The mannans of wild-type and Camnn5Δ strains were labeled with [3H] by 
adding [2-3H] mannose in the growth medium. The base-sensitive O-glycans were 
released by β-elimination, separated by thin-layer chromatography (ethyl acetate-
butanol-acetic acid-water [3:4:2.5:4]) and visualized by subjecting TLC plate to 
autoradiography. The mannose monomer (M1) and the different species of mannose 
oligomers, M2 to M5, are shown. The N-glycans were base-resistant and thus 
retained at the origin of sample loading. (B) An area (1 cm × 0.5 cm) of the TLC 
plate containing each mannose species was cut out for scintillation counting. The 
relative amount of each mannose species (3H count) is shown as a percentage of the 
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4.10 Camnn5Δ shows defects in cell wall integrity 
 
In both S. cerevisiae and C. albicans deletion of genes encoding 
mannosyltransferases have been reported to cause defects in cell wall integrity 
(Timpel et al., 2000; Timpel et al., 1998; Yip et al., 1994; Southard et al., 1999). 
To determine whether the deletion of CaMNN5 has a similar effect, I tested the 
sensitivity of Camnn5Δ to lyticase, an enzyme normally used to remove fungal cell 
wall. Exponential phase cells grown in YPD were diluted to a density of OD600=0.6 
in a hypo-osmotic solution containing 10 mM Tris and 0.2 mg/ml lyticase. The 
extent of cell lysis was monitored by measuring OD600 of the cell suspension at 
timed intervals. Fig. 4.10A shows that Camnn5Δ mutant is much more sensitive to 
lyticase than the wild-type strain. By 1 h, the OD600 of Camnn5Δ cell suspension 
had dropped from 0.6 to 0.2. Microscopic examination of the cell suspension 
revealed that >90% of the mutant cells had been lysed. In contrast, the OD600 of the 
wild-type cells was 0.48 by 1 h and dropped to 0.2 by 5 h. The heterozygous strain 
CaMNN5/Camnn5Δ displayed intermediate sensitivity to lyticase, indicating a gene 
dosage-dependent effect.  
I also tested the sensitivity of the mutant to the cell wall synthesis inhibitor 
Congo red and found that Camnn5Δ exhibited very high sensitivity to Congo red. 
The heterozygous CaMNN5/Camnn5Δ already showed significantly increased 
sensitivity to Congo red at 200 μg/ml compared with the parental strain (Fig. 4.10B). 
This sensitivity was further increased in the homozygous mutant. Re-introducing a 
wild-type copy of CaMNN5 to the mutants partially restored the resistance to Congo 
red. Again, gene dosage effect is observed here and perhaps the severity of damage 
by Condo red is more sensitive to the cellular level of CaMnn5p. Taken together, 


























Figure 4.10 Camnn5Δ is hypersensitive to lyticase and Congo red. 
 
(A) Lyticase sensitivity assay. Exponential phase yeast cells of the strains tested 
were diluted to OD600=0.6 in 10 mM Tris-HCl (pH 7.5) containing 0.2 mg/ml 
lyticase. The cell suspension was incubated at 30 °C and OD600 taken at timed 
intervals. (B) Congo red sensitivity assay. Exponential phase yeast cells were serial-
diluted and dropped onto agar plate containing 200 μg/ml Congo red. The plates 
were incubated at 30 °C for 3 days.  
 
Chapter 4                                  Characterization of CaMNN5 in Candida albicans 
 83
4.11 Camnn5Δ is defective in hyphal morphogenesis 
 
C. albicans mutants defective in O-glycosylation, such as Capmt1Δ and 
Capmt6Δ mutants, were shown to be partially impaired in hyphal morphogenesis 
(Timpel et al., 2000; Timpel et al., 1998). I examined hyphal development of 
Camnn5Δ in several common hypha-inducing media. The Camnn5Δ strain showed 
normal hyphal development in all the liquid inducing media used, but showed no or 
poor hyphal growth on some solid inducing media, such as RPMI, serum, Spider 
and embedding media. The reconstituted strains displayed an intermediate phenotype 

















Figure 4.11 Camnn5Δ is defective in hyphal growth on some solid inducing 
media.  
 
The yeast cells of wild-type, Camnn5Δ (ura+), and a reintegrant (ura+) strains were 
inoculated onto several hypha-inducing solid media as indicated and incubated at 37 
°C for 3 days. 
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4.12 CaMNN5 is required for C. albicans virulence 
 
Next I used the mouse systemic infection model to evaluate the importance 
of CaMNN5 in C. albicans virulence. Each mouse was injected through the tail vein 
with 1×106 yeast cells of the wild-type (SC5314), Camnn5Δ or Camnn5Δ::CaMNN5 
strains. Previous test had shown that all three strains grew at nearly identical rate in 
YPD and GMM media. Injection with SC5314 killed all animals within 1 week, 
whereas 80% of the mice injected with the Camnn5Δ mutant survived the full 
course of 30-day observation. Mice injected with the Camnn5Δ::CaMNN5 strain 
showed a mean survival time of 10 days (Fig. 4.12). The results show that CaMNN5 

















Figure 4.12 Camnn5Δ mutant showed markedly reduced virulence.  
 
All the strains tested were grown in GMM to exponential phase. A 200-μl volume 
of 1×106 yeast cells in PBS was injected into each animal through the tail vein. 
Fifteen mice were used for each strain and the survival was monitored daily for 35 
days. The experiment was repeated once and produced similar results. 






In this chapter I presented the characterization of CaMNN5 gene in its 
natural host C. albicans. Purified CaMnn5p catalyzes the transfer of mannose to 
both α-1,2- and α-1,6-mannobiose accepter. The mannosyltransferase activity 
requires Mn2+ as co-factor and is regulated by Fe2+ concentration. Camnn5Δ mutant 
showed lowered ability in extending both N- and O-linked mannans, hypersensitivity 
to cell wall-damaging agents and reduction of cell wall mannophosphate content, 
phenotypes typical of many fungal mannosyltransferase mutants. Camnn5Δ also 
exhibits some unique defects, such as impaired hyphal growth on solid media and 
attenuated virulence in mice. An unanticipated phenotype is Camnn5Δ’s resistance 
to the killing by the iron-chelating protein lactoferrin, rendering CaMnn5p the first 
protein found that mediates lactoferrin killing of C. albicans. In summary CaMNN5 
deletion impairs a wide range of cellular events, most likely due to its broad 
substrate specificity. Of particular interest was the observed role of iron in 
regulating the enzymatic activity, suggesting an underlying relationship between 
CaMnn5p activity and cellular iron homeostasis.  
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Chapter 5 DISCUSSIONS 
 
5.1 How does CaMnn5p enhance the growth of S. cerevisiae under 
iron-limiting conditions? 
CaMNN5 was first isolated in a genetic screen for C. albicans genes that could 
allow S. cerevisiae aft1Δ mutant to grow under iron-limiting conditions. Later I found 
that heterologous expression of CaMNN5 in S. cerevisiae could even allow the wild 
type cells to grow in media containing 200 μM BPS, a condition inhibitory to normal 
cell growth. How does CaMnn5p provide a solution to the lack of sufficient iron 
uptake in aft1Δ or wild type S. cerevisiae cells under the iron-limiting or depleted 
conditions? I have addressed several possibilities. First, CaMnn5p may, through 
glycosylation, indirectly increase the expression or activities of the high-affinity iron 
transporters; secondly, it may function as an iron transporter; and thirdly, I thought that, 
under the iron-limiting conditions used, there might still be a low level of iron uptake 
through processes such as liquid-phase endocytosis, albeit not sufficient to support cell 
growth. CaMnn5p may help the cells use this source of iron more efficiently. 
The first possibility was ruled out, first because increased expression of FTR1 
or FET3 was not detected in CaMNN5-expressing cells. Secondly, CaMNN5 
expression was able to promote the growth of several mutants deleted of either the iron 
permease or ferroxidase genes or both, including ftr1Δ, ftr1Δ fet3Δ and ftr1Δ fth1Δ. 
Thus I conclude that the growth-promoting function of CaMnn5p is completely 
independent of the high-affinity iron transport system. 
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To determine whether CaMnn5p functions through glycosylation of other 
proteins, I first confirmed that CaMnn5p expressed in P. pastoris possesses 
mannosyltransferase activity and then created transferase-dead versions of CaMnn5p. I 
found that the mutated versions of CaMnn5p fully retained the ability to enhance aft1Δ 
growth under iron-limiting conditions. Furthermore, although CaMnn5p shares the 
highest sequence identities with S. cerevisisae Mnn2p or Mnn5p, overexpression of 
either MNN2 or MNN5 in aft1Δ did not promote cell growth to any extent. Thus I 
conclude that CaMnn5p's growth-enhancing activity in iron-limiting environments 
does not require the mannosyltransferase activity and is a novel function that may have 
evolved in C. albicans. 
To determine whether CaMnn5p enhances iron uptake, I measured 59Fe uptake 
into aft1Δ, ftr1Δ and wild-type cells transformed with CaMNN5. I used a medium 
containing 200 μM BPS where the Ftr1p–Fet3p complex does not function. Under 
these conditions, a slow gradual increase in 59Fe cellular accumulation was detected in 
all the strains tested, and all the strains expressing CaMNN5 consistently exhibited 
approximately 3-fold more 59Fe accumulation than the corresponding control strain 
lacking CaMNN5, indicating that CaMnn5p plays a role in enhancing cellular iron 
uptake. 
The observation of a slow increase of iron accumulation over time in aft1Δ and 
ftr1Δ under iron-limiting conditions suggests the presence of other mechanisms for 
iron entry into the cells under the iron-limiting conditions used. We speculated that 
constitutive endocytosis might be responsible for this slow iron uptake. Supporting this 
view, we found that CaMNN5 expression in end4Δ and vps4Δ mutants, which are 
defective in different steps of endocytosis, did not promote cell growth, indicating that 
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an intact endocytosis pathway is required for the growth-promoting function of 
CaMnn5p.  
The vacuole is thought to be the end point of endocytosis and the iron storage 
organelle in S. cerevisiae (Li et al., 2001; Raguzzi et al., 1988). Two mechanisms are 
known to be responsible for the vacuole–cytosol iron transport: one involves the iron 
permease/ferroxidase complex Fth1p/Fet5p and the other the Nramp family bivalent 
metal transporter Smf3p (Urbanowski and Piper, 1999; Portnoy et al., 2000). If the 
hypothesis of CaMnn5p working along the endocytosis pathway is correct, it could be 
predicted that CaMNN5 expression would not be able to enhance the growth of 
mutants where the vacuole–cytosol iron transport is completely blocked. Indeed, 
CaMNN5 expression did not enhance the growth of the smf3Δ fth1Δ double mutant, 
whereas it promoted the growth of smf3Δ and fth1Δ single mutants. As expected, iron 
uptake data indicated that CaMnn5p did not enhance the iron accumulation in end4Δ 
mutant, suggesting that the iron transport was blocked at the internalization step. In 
contrast CaMnn5p could enhance iron accumulation but not growth under iron limiting 
conditions, of smf3Δ fth1Δ double mutant, suggesting that iron could be brought into 
the cell but the transport was blocked at the vacuole-cytosol step. Moreover, CaMnn5p 
does not increase the cellular accumulation of LY, a commonly used marker for fluid-
phase endocytosis. Together with the observed co-immunoprecipitation of 55Fe with 
CaMnn5p, these results suggest that CaMnn5p may have a specific role in iron uptake.  
Thus I propose the following model. Constitutive endocytosis continuously 
brings a small amount of environmental iron into the cell leading to vacuolar iron 
accumulation. The vacuolar iron can be exported to cytosol by the iron transporters 
Fth1p–Fet5p and Smf3p on the vacuolar membrane. Although this pathway serves as a 
source of iron supply, it alone may not be sufficient to support cell growth, especially 
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when the external iron concentration is far below the Km of the Ftr1p–Fet3p high-
affinity iron transporter. CaMnn5p may work along this endocytic iron-supply route, 
possibly by increasing the efficiency of iron uptake, transport or mobilization, resulting 
in cell growth under iron-limiting environments. However, the exact molecular 
mechanism needs further investigation. 
 
5.2 CaMNN5 deletion impairs a wide range of cellular events in C. 
albicans  
The novel ability of CaMnn5p to enhance iron usage in S. cerevisiae prompted 
me to further study its function in its natural host C. albicans. Deletion study showed 
that Camnn5Δ was viable, and did not exhibit slower growth rates under iron-limiting 
conditions tested. However, Camnn5Δ mutant demonstrated a broad range of other 
defects, suggesting that it may affect many cellular events. Importantly, the extent of 
some of the defects of Camnn5Δ mutant showed dependence on cellular iron status, 
suggesting a relationship between CaMnn5p function and iron metabolism in C. 
albicans. 
CaMnn5p shares about equally high sequence similarity with S. cerevisiae 
Mnn5p and Mnn2p, but the functional complementation test showed that CaMNN5 
restored Alcian blue binding to the surface of mnn5Δ but not mnn2Δ cells, suggesting 
that CaMNN5 may be the functional counterpart of MNN5. Consistently, Camnn5Δ 
and mnn5Δ share a range of similar defects such as impaired synthesis of N-linked 
mannan side chains, reduction of cell surface binding of Alcian blue and 
hypersensitivity to cell wall damaging agents. Like Mnn5p, GFP-tagged CaMnn5p was 
found to localize in the cytoplasm in a punctate pattern which is typical of residential 
Golgi proteins. However, CaMnn5p has the ability to transfer 14C-labeled mannose to 
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both α-D-1,6- and α-D-1,2-mannobiose acceptors with a similar activity, suggesting 
that CaMnn5p may have both the abilities to branch the α-1,6-linked backbone by 
adding α-1,2-linked mannose and to extend this branch with more α-1,2-linked 
mannoses. It is an interesting possibility that CaMnn5p may be able to perform both 
functions, somewhat like the activities of Mnn2p and Mnn5p combined in one, in C. 
albicans. Further structural studies of the mannans in Camnn5Δ mutant may help 
answer this question. I am currently using NMR to analyze the composition of α-1,2- 
and α-1,6-linked mannoses in the wild type and Camnn5Δ. This may provide useful 
insights into the exact roles of CaMnn5p in the N-linked protein glycosylation pathway.  
Camnn5Δ exhibited a significant reduction of overall N-linked glycans and cell 
wall phosphomannans, indicative of serious defects in N-linked glycosylation. O-
linked glycosylation was also affected in the mutant, because β-elimination of O-linked 
glycans yielded a dramatic increase in M1 and decrease in M2, M3 and M5 compared 
with the wild-type strain, suggesting extension of the O-linked oligosaccharide was 
partially blocked at the M2 step. This may be attributable to the abolished 
glycosylation by CaMnn5p of CaMnt1p and CaMnt2p, which have previously been 
designated as the mannosyltransferases that add the second and third mannose in O-
linked oligosaccharide (Buurman et al., 1998; Munno et al., 2005). However, we 
cannot exclude the possibility that CaMnn5p may directly participate in the synthesis 
of O-glycans. Future efforts in finding the substrates of CaMnn5p may give some clues 
to solving this problem.    
In addition to the defects commonly associated with mutants of 
mannosyltransferase genes in yeast, Camnn5Δ also exhibited some phenotypes unique 
to C. albicans, such as markedly reduced sensitivity to lactoferrin killing, lack of 
hyphal growth on some solid media and attenuated virulence in a mouse infection 
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model. Of particular interests, CaMnn5p activity was found to be sensitively regulated 
by iron concentration and the manifestations of some of the phenotypes of Camnn5Δ 
appear to be affected by cellular iron status, suggesting that there may be a crosstalk 
between the protein glycosylation and cellular iron homeostasis pathway. 
 
5.3 CaMnn5p regulates cell functions in response to iron? 
Since CaMNN5 was first cloned for its unanticipated ability to support S. 
cerevisiae growth in the presence of high concentrations of iron chelator, it was 
interesting to know whether it may perform similar functions in C. albicans. 
Surprisingly, overexpression of CaMNN5 in C. albicans did not enhance cell growth 
and Camnn5Δ did not exhibit any growth defect under iron-limiting conditions. 
However, deletion of CaMNN5 was consistently found to cause ~60% increase in the 
cellular mRNA level of CaFTR1, which encodes a high affinity iron transporter and 
whose expression is sensitively regulated by cellular iron status (Ramanan and Wang, 
2000). The observation suggests that deletion of CaMNN5 might have generated an 
iron-shortage stress signal in the cell. Though the underlying mechanisms are currently 
unknown, we did obtain results suggesting an intimate relationship between CaMnn5p 
activity and cellular iron homeostasis.  
We established that the mannosyltransferase activity of CaMnn5p is dependent 
on iron, being activated at low and inhibited at high iron concentrations (Fig. 4.4). 
Also, the observation that high concentrations of BPS (100 to 400 μM) were needed to 
significantly reduce the activity of purified CaMnn5p suggests a high affinity of the 
protein for iron, consistent with the observed co-precipitation of 55Fe with CaMnn5p 
(Fig. 3.7E). Based on the regulatory role of iron on CaMnn5p activity, it is tempting to 
speculate that CaMnn5p might regulate certain cell functions by altering protein 
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glycosylation in response to cellular or environmental iron status. Supporting this 
hypothesis, we observed a parallel between Camnn5Δ’s resistance to LF (and LF N-
terminal peptide, aa 1-11) killing and the significantly enhanced LF resistance of the 
wild-type C. albicans cells grown in iron-limiting conditions. Importantly, since the 
LF peptide does not have iron binding ability, the iron-dependent LF killing most 
likely reflects cellular iron status.  
Furthermore, cell surface Alcian blue binding, a reliable indicator of the 
mannosylphosphate content of cell wall, decreased dramatically when the growth 
media were supplemented with additional iron (0.1 to 1 mM); and the drop in Alcian 
blue binding at high iron concentrations was more dramatic in the wild type than in 
Camnn5Δ cells, consistent with the inhibitory effect of high iron concentration on 
CaMnn5p activity.  
Iron is an essential nutrient for almost all organisms. Keeping free iron away 
from microbial pathogens is an important element of host innate immunity. Thus, 
tactics for efficient acquisition and utilization of iron constitute virulence factors for 
many microbial pathogens including C. albicans (Ramanan and Wang, 2000). At the 
moment, we don not know whether the iron-regulation of CaMnn5p is of specific 
importance for C. albicans to survive in the host. Although Camnn5Δ is much less 
virulent than the wild-type strain, it could be the result of many compromised cellular 
functions. Nevertheless, for the purpose of drug development CaMnn5p may serve as a 
good target.   
 
5.4 Morphogenesis defects in Camnn5Δ mutant 
C. albicans’ ability of switch from yeast to filamentous growth is important for 
pathogenicity (Lo et al., 1997; Zheng et al., 2004). The outer layer of fungal cell wall is 
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rich in mannoproteins and mutations in genes responsible for constructing mannan 
structures have been shown to exhibit various degrees of filamentous growth defects in 
C. albicans. In this study I have found that the loss of CaMNN5 function blocked 
hyphal formation on several solid hypha-inducing media, but not in the corresponding 
liquid media. Although the reasons remain unclear, it may be that hyphal growth on 
and penetration into solid media are much more demanding on the strength and 
integrity of cell wall than in liquid media; or hyphal growth on solid medium requires 
certain cell surface properties which are lost in the mutant. Such conditional hyphal 
growth defects have been described in many C. albicans mutants (Timpel et al., 2000; 
Timpel et al., 1998; Bockmuhl et al., 2001), underlining the high complexity of the 
signals that feed into the signal transduction pathways for filamentous growth. 
 
5.5 CaMNN5 is the first gene identified so far to mediate the LF 
killing 
Lactoferrin (LF) is a 77 kD iron-binding protein present in milk and mucosal 
secretions. It is also released by specific granules of polymorphonuclear leukocytes 
during inflammation. LF has been ascribed many diverse biological functions, most of 
which are immunomodulatory or antibacterial (Brock, 1995; Tomita et al., 2002; 
Vorland, 1999). It inhibits microbial growth by effectively sequestering free iron from 
the environment and the protein and its N-terminal fragment (aa 1-11) are also known 
to have direct bactericidal activity (Bullen, 1981; Hoek et al., 1997). It is well known 
that LF and its N-terminal peptide have candidacidal activity, but the mechanisms of 
cell killing are not understood. Some studies suggested that the peptide targets 
energized mitochondria, causing the production of ATP and reactive oxygen species 
(ROS) (Lupetti et al., 2002). The ROS may result in a reduction in cellular thiol level, 
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whereas ATP interacts with the LF-interacting proteins in cell envelope. These events 
are thought to collectively contribute to cell death. We demonstrated that Camnn5Δ 
lost the sensitivity to LF killing and this effect depends on cellular iron status, 
rendering CaMNN5 the first gene so far identified that mediates the candidacidal 
activity of LF. CaMnn5p is an intracellular protein and thus unlikely to be the direct 
target of LF. It is more plausible that CaMnn5p modifies some cell surface proteins, 
which are responsible for the interaction with LF or the peptide. Reintroduction of one 
copy of wild type CaMNN5, but not the “enzyme-dead” form of CaMNN5 
(Camnn5D282A and Camnn5D284A), could fully restore the sensitivity to LF killing, 
indicating that the mannosyltransferase activity of CaMnn5p is essential in mediating 
the LF killing. Moreover, my preliminary results have shown that the dansylchloride-
labeled LF N-terminal peptide (aa 1-11), which is active in C. albicans killing, did not 
enter the cell but remained attached at cell surface, suggesting that the interaction takes 
place at cell surface. However, the substrate of CaMnn5p that is responsible for the 
interaction with LF has not been identified. Nevertheless, this finding provides 
important information for further elucidation of the mechanisms underlying the LF 
killing of C. albicans. Given the potent candidacidal activity of LF, finding LF target 
and designing compounds that may mimic LF activity could be a worthy strategy for 
developing new anti C. albicans therapies. 
 
5.6 Conclusion 
Through a genetic screen for C. albicans genes that can suppress the growth 
defect of aft1Δ mutant under iron-limiting conditions, a C. albicans α-1,2-
mannosyltransferease gene CaMNN5 has been isolated. Expression of CaMNN5 in S. 
cerevisiae enhances a slow, specific, endocytosis-dependent iron uptake and thus 
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allows the S. cerevisiae cells to grow in media containing high concentrations of iron 
chelators. This function of CaMnn5p does not require its mannosyltransferase activity 
and is independent of the high-affinity iron transport system of S. cerevisiae.  
Characterization of CaMNN5 in its natural host C. albicans indicates that CaMnn5p 
plays important roles in both N-linked and O-linked protein glycosylation. Disruption 
of CaMNN5 results in phenotypes that are compromising pathogenicity, including 
hypersensitivity to cell wall damage reagents, aberrant hyphal formation on solid 
media and changes in cell wall composition. A novel phenotype of Camnn5Δ is its 
resistance to the killing by the iron-chelating protein lactoferrin, rendering it the first 
protein found that mediates lactoferrin killing of C. albicans. CaMnn5p contains three 
putative iron-binding motifs “Lys-Glu-Xaa-Xaa-Glu” and can be co-
immunoprecipitated with 55Fe. Moreover, the mannosyltransferase activity of 
CaMnn5p is regulated by iron concentration in vitro, which creates a link between 
cellular iron homeostasis and the cellular functions of CaMnn5p. Supporting this 
hypothesis, CaMnn5p-mediated lactoferrin sensitivity and Alcian blue binding activity 
are both regulated by cellular iron status, raising the possibility that CaMnn5p may 
regulate certain cell functions by altering protein glycosylation in response to cellular 
or environmental iron status. Questions still remain regarding the exact mechanisms 
underlying this regulation. Continued research into the structure of CaMnn5p protein, 
its interaction with iron, and identification of its substrates should ultimately provide 
answers to these questions.  
Deletion of CaMNN5 impairs a wide range of cellular events, most likely due 
to its broad substrate specificity. Identification of the substrates and interacting 
partners of CaMnn5p will contribute to the understanding of these complicated cellular 
events and the crosstalks between various pathways. Several approaches can be 
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applied to address these issues. One is proteomics analysis, using two-dimension 
protein gel system to identify proteins in Camnn5Δ that exhibit altered mobility as a 
result of blocked or reduced glycosylation in comparison to the proteins of the wild 
type. Another approach that may be used is micro-array analysis, which compares the 
gene expression profiles between wild type and Camnn5Δ strains. The altered 
expression of certain genes may indicate the cellular responses and compensations to 
the loss of CaMnn5p functions. Yeast two-hybrid system and co-immunoprecipitation 
methods may be used to find the interacting partners of CaMnn5p, which will provide 
helpful insights into cellular functions of CaMnn5p.  
Although disruption of CaMNN5 significantly compromises both N-linked and 
O-linked protein glycosylation, there is still considerable mannosyltransferase activity 
present that allows some mannoproteins to be glycosylated, as demonstrated by the 
residual Alcian blue binding activity and the presence of mature O-linked oligo-
mannose in Camnn5Δ. There are several genes in C. albicans genome that share 
significant homology with CaMNN5, suggesting that a MNN gene family exists in C. 
albicans. These ORFs have been named as CaMNN2, CaMNN3, CaMNN6, CaMNN22, 
and CaMNN7, but their functions are still unknown. Studying the enzyme activity of 
these putative mannosyltransferases, their cellular functions and their interactions with 
different metal ions will contribute to the understanding of the MNN family and the 
establishment of the relationship between cellular mannosyltransferase activity and 
iron metabolism. Genes homologous to CaMNN5 also present in other fungi, such as 
Candida glabrata, Debaryomyces hansenii, Kluyveromyces lactis and Cryptococcus 
neoformans. However, no CaMNN5 homologs in mammals have been found so far. It 
seems that the MNN gene family is unique to fungi, which may allow the development 
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